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ABSTRACT

Part I of this report on the LASA Phase II third quarterly development
contract covers the engineering, technology, and manufacturing accom~
plishments during the reporting period from March 1, 1968, through

May 31, 1968. It summarizes the mechanisms test activity, fabrication

progress and problems with the Main Subpanel 1, and the progress made
in GSE development.
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1.0 INTRODUCTION AND SUMMARY

This Large—Area Solar Array Phase II third quarterly development report
is a contractual requirement under JPL Contract 951934. It is divided
into two parts under one cover and has one document number. Part I
describes the LASA Phase 11 third quarterly activity, and Part II
summarizes the technical analyses of large-area solar arrays that have
resulted since the beginning of Phase I in September 1966. The time
period covered by Part I of this report is from February 29 through

May 31, 1968.

The document format has been designed to ease the readers task of
extracting data to the degree (or level of detail) he needs for effec-

tive evaluation. This document can be read at three distinct levels
of detail.

1) Part I describes briefly the document's content and reports the
status of the program.

2) For more technical detail, the proposition statements (typed in
script) within the sections can be read.

3) If more detail is desired, it is available throughout the
document in the individual sections.

Part I of this report has been limited to only the significant
achievements of the third quarter so that a more detailed technical
description of the program to date could be presented (Part II).
Therefore, Part I consists of only two sections:

1 Section 1.0, "Introduction and Summary";
2) Section 2.0, "Summary of Phase II Third-Quarter Activities."

1.1 PHASE II OBJECTIVES

Phase 11 objectives are being met as planned, except fon schedule
nevisions resulting grom damaged panels in ginal assembly.

The Phase II objectives are: (1) mechanisms development, (2) partial
fabrication and structural verification, and (3) partial development of
the deployment and verification equipment, Mechanisms development tests
were completed on schedule; however, all test objectives were not met
and some retesting will be required. Fabrication of Main Subpanel 1
(major test article, MTA-1) is 957 complete. However, damage to some
intercostal bonds must be repaired before the test article can be used
to support a revised test schedule. Phase II development of the
deployment and verification equipment was completed during this quarter,
3 months ahead of schedule; permission has been granted to extend some
of this effort during Phase II. This effort was originally planned as
Phase IIT work.
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1.2 FOURTH-QUARTER PLANNING

Work planned forn the fowrth quarter will -complete the development phase.

During the next quarter, MTA-1 will be reworked and final assembly

completed, it will be checked out, and delivered for testing. Vibration

testing will be conducted and test reports completed. Mechanisms

retesting will be accomplished and reports written. Additional tests -
(CCN activity) for power degradation and vibration will be run on the 16-
square-foot panel, fabricated during Phase I. The additional work planned
for the deployment and verification equipment will be completed, and

final documentation and reporting will be completed and submitted to JPL
during the fourth quarter.

i
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2.0 SUMMARY OF PHASE II THIRD-QUARTER ACTIVITIES

This section summarizes the activities of the LASA organization in
performing the tasks required by the Phase II contract during the 3-month
period beginning March 1 and ending May 31, 1968. The purpose is to give
a concise summary of the status of the work accomplished, The functional
areas of engineering, manufacturing, and testing are reported by task,
with items of particular interest emphasized. Preliminary test results
are also reported.

2.1 MECHANISMS COMPONENT DESIGN, FABRICATION, AND TEST~--TASK 2

Testing will be completed by July 1, 1968, incfuding retest of tiedown
nelease mechanisms,

The test articles were selected from the solar-panel tiedown, release,
and deployment systems, Figures 2-1 and 2-2 show the location of the
components ‘tested., Figure 2-1 shows the main components tested in the
SCM-1 and SCM-2 tests., Each of the four solar panels, making up the
solar array, are made of five units, numbered 1 through 5, from the space-
craft outboard. Unit 1 has only one main subpanel and no auxiliaries,
Units 2 through 5 have one main subpanel and two auxiliary subpanels,
There are 13 subpanels for each solar-panel assembly. The main hinge
assembly and latching mechanism, the auxiliary hinge, damper and latching
mechanism, and the quadrant assembly illustrated show the location for
one of each assembly., The tiedown and release-system components tested
are shown in Figure 2-2, The cable tiedown at Station 10.5 is typical
of the tiedown at four of the six stations with circumferential ties.
The tiedown system at Station 170, the top of the panel assembly, and
at Station 124, the top of Subpanel 5, also ties the four solar-panel
assemblies to each other. These ties and the train for releasing all
circumferential ties will be tested in Phase IITI. The tiedown system
at the center spar consists of a clamp assembly used at five of the six
stations. The tiedown release at Station 124 is a cable cutter, and
releases the solar-panel stack simultaneously with the actuation of the
deployment system. The components selected and scheduled for test pro-
vide data that will be useful in Phase III testing.

During this quarter, all of the scheduled tests for the mechanism compo-
nents were completed. A summary of test results is given in Table 2-1.
Details of the problems and results are detailed in subsequent paragraphs.
The deployment tests on the simulated main subpanel (SCM-1) were satis-
factorily completed in an air and vacuum environmment. The deployment
motor performs at -63°F, with more than expected consistency in cable
rate., The deployment tests on the auxiliary subpanels (SCM-2) were com-
pleted in the air and vacuum environment, The damper operated at a tem-
perature of -110°F, which was better than expected. Deployment rate was
low but acceptable. The release tests on the cable tiedown system at
Station 10.5 were performed satisfactorily; however, the effect of a
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Figure 2-1: DEPLOYMENT MECHANISMS TESTS



D2-113355-6

od [ CENTER-TIEDOWN
O, RELEASE (TYPICAL)

SOLAR ARRAY

Figure 2-2: TIEDOWN AND RELEASE SYSTEM



D2-113355-6

T

G*0T ®3s

10J 9seaTed ST(qERO~TBONP 1B OOT
fpoyzsu BurdweTo Jo A3TTIqedeOo TINJ
doTsasp 031 pepeaiyl pue ‘yjoous
‘pojrooun ‘pajeod ‘ooejans BurdweTd
peasadel 3ursn unisi 9q 3ISNuW 1S9,

po3eoo aueylainitod aae smel

pue posn siiosul surylaaniTod usym
suoT1®ls G JOo % pToy o3 =3wnbepe
sT ‘pauBtsep se ‘dueTo ¢{peOT
198811 Jo g0/ anoqe 1B o13j03dmisse
S8WwoDaq SWTI YITM UOTIDSTISP OTqeD

1593 oSBaTad
§ umopeTl 9Tqed
~ieds-193u82 ¢£~-QC-WOS

UOTIO® ABTOp WITIUOD 03 SIUSUNIISUT
o3enbape yaTm ‘Surwrl LTS
sansus 03 peiradaa 9q 3Isnu 1597

uor3jouny ABTOp

Jo jususs9sse sjusaaaad ATswoue
TEOTIIDDTS $SOTqED UMOpPeTl uosiiaafl
o1 o31enbope a19m A81ous paiols pue
poylom ISeST9i IBY] PSWITIUOD 1S9]

15931 9SBITS. aTqED
pue umopeTl Z-0f-WOS

UOTIBATIDE JO 231BI TO0I3UO0D 03
aedwep uo BurleOD TBWISY] 3PTAOIJ

d,69~ sem dwol Jojow $09S H¢
feutw o1 ur pokordep Touedqgns
urew {1103 o QT X T PU® 4,001~
Je pakordep sTsuwdgns LIBTTIXNY

(sTouedqns AIRTTTXNE
pue uTeRW) §3S593 JUSUW
—Aotdsp wnnoeA Z- ¥ T-WOS

gey ur saurT a8ury jo JusuuBITeE
u2a18 99 3snu uoTlus3lI® TBIO9dg

d,0/ FIB JUSTOTFIS0D

8utrduep oes/ueipei qI-UT 6°ZT
psurejurew syedwep $09s QT ©3 6/ UT
1,0/ e pokordep sTourdqns AIBRTITIXNY

(sTsuedqns
LzeTTIXNnE) S3s93]
juswhoTdep JusTque Z-WOS

Kaozoe3ysties se peoidadoe juswlordsp
7ouedqns urew uo BIEBP 15931 JUSTJUY

098 009 ©03 (/G UTYITM 91BI WIoITUun
2e pojexado iojowm {seinutw QT UT
pauzxojaad ATTaoloeIsTies juswdordag

(sTouedqns urew) s1s93
juswioTdap JuaTque T-HOS

SUOTIBPU3WMUOD DY

s3Insoyg

1sof

KIVIOANS LSHL INANOJWOD SWSINVHOIRW

:T-7 °Tqel




)

D2-113355~6

differential in release timing was not determined. Retest will be run
in June 1968 to obtain this information when new squibs are available.
The test on the center-tie release system produced usable data on the

Nomex cable, but further development of the clamp assembly and rigging
loads will be continued during June.

Problems identified in the design, fabrication, and testing of the
mechanism components were minor, and were solved before testing was
started in most cases, The following problems and their solutions are
considered the most significant.

Hinge Aligvment---The simulated main- and auxiliary-panel hinges were
both sensitive to hinge alignment, The austere tooling used was inade-

- quate in alignment of hinges, and both tests required rework of the hinge

brackets to obtain satisfactory alignment before testing. Better align-
ment methods and additional imstructions will be required for future
parts.

Overcenter Latching Interference---The overcenter latch links interfered
with the large bracket attach bolt heads. Three solutions were available
for this problem, Countersink the bolt head, change the link, or use
more links on the outside of the bracket., Moving the links on the outside
of the bracket was selected as the best method, and the latches were
changed before testing. Another interference in the latching occurred
when excess material was left on the link to allow for adjustment. The
excess material was removed after the part was located, The original
design provided for the dead center of the linkage to fall about 22 de~
grees from the subpanel, and was intended to ensure positive latching.
The location of the dead center, 22 degrees from parallel to the sub-
panel, allows an overtravel of the subpanel and results in a top dead~
center condition when tension remains in the cable, These problems will
be corrected on future parts by drawing changes and by improving the
fabrication method used to locate hinge and link-pin locations.

Overcenter Latching Springs---The springs used to hold the main subpanel
latching links on or beyond dead center were not strong enough to over-
come the friction forces and deployment torque. This gave the appearance
in testing of the links not latching because the links did not move
beyond dead center. Future latching mechanisms will be equipped with
stronger springs to provide more apparent motion in latching.

Deployment-Cable Spring Rate---The solar-panel deployment cables, during
manufacturing and mechanism-testing operations (Task 4), became bent at
spots where they passed over small-diameter pulleys. These bent areas
provided a low, variable spring rate at the beginning of testing. A plan
to replace the two deployment cables on the array with a flat tape is
being investigated. The tape would be spliced to the cables at a point
behind Subpanel 1 to retain operational redundancy. This plan may also
reduce the weight of the system.

Cost reduction in fabricating mechanism components was a result of the
experience gained during fabrication and testing of the mechanism test
article. The following changes are the most significant.
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Deployment Quadrant-Assembly Revision---The design of the quadrant
attachment to the subpanel will be revised to allow the titanium parts

to be predrilled, and the quadrant drilled to match assembly installation.
This will eliminate the necessity of drilling titanium on installation
and also make it easier to locate the quadrant.

Replace Bolts and Nuts with Pins and Retaining Rings---Changing bolts
and nuts to pins and retaining rings will increase clearance in many
places, reduce the weight, and facilitate assembly of the mechanisms.

The status of mechanism testing on the mechanism component tests is
shown in Figure 2-3., All of the originally scheduled tests were com-
pleted with the following results.

Main-Subpanel Deployment in Air (SCM-1)---Tests were completed on
March 26, 1968, All mechanisms operated satisfactorily. The hinge
friction was low, both free and deflected. Hinge misalignment produces
the major friction forces., The overcenter latch spring appeared
inadequate.

Auxi liary-Subpanel Deployment in Air (SCM-2)---These tests were completed
on March 25, 1968, with the following results:

1 Auxiliary hinge latches could not be opened after latching by
applying manual force to the panels;

2) Friction forces for the deflected panel simulating deflection due B
to 100°F thermal gradient between surfaces will fall within the - S
allowed deployment forces;

3) The undeflectéd condition friction force was a maximum of 1.1
inch-pounds.

Vacuum Test of Main- and Auxiliary-Subpanel Deployment (SCM-1 and
SCM~-2)--~The results of the vacuum tests were considered exceptional.
The motor deploying the main panels operated at ~63°F and a cable rate
above 2 inches/minute. Both dampers operated at temperatures of -100°F
or lower. Figure 2-4 provides a history of the environment during test.
There was no evidence of cold welding, Pressures of 6 x 10-10 torr were
obtained before test, and all testing was performed at pressures below

1 x 10-8 torr. The auxiliary subpanels deployed at temperatures below
-100°F. The rate of deployment of the auxiliary subpanels was initially
45 degrees in 9 minutes for Panel 2A and 20 minutes for Panel 2B. The
final deployment rate before the heaters were turned on was approximately
3 degrees in 20 minutes for Panel 2A and 15 degrees in 20 minutes for
Panel 2B. The last 35 degrees of deployment after the heaters were
turned on the panels took 18 to 23 minutes. All test objectives were
met satisfactorily.

Tiedown Release Test (SCM-30-2)---The results of this test proved
satisfactory for simultaneous release. An objective of the test was
to determine the effect of nonsimultaneous release. This effect was
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not obtained when the squib, which was set for a 0.l-second firing delay,
released almost simultaneously with the first squib. Retest is scheduled
for June 25, 1968, when new squibs are available.

Center-Tie Release Test (SCM-30-3)---The tests conducted on the Nomex
cable and center-tie clamp assembly were conducted in March 1968. The
tensile characteristic of the Nomex cable was determined, and the
adjusting-screw torque versus load-carrying capability was determined

for different cable configurations. Best clamping performance was
obtained using polyurethane-coated clamp jaws and a polyurethane rod
inserted within the hollow cable near the clamp jaws. The load relaxa-
tion was determined for the selected cable clamp arrangement, The results
showed the cable strength to be marginal for the 1,090-pound required load
at Station 10.5; however, it is satisfactory for all other tiedown loca-
tions. Development of the clamp assembly and determination of the rigging
loads are planned for completion in June 1968. A wedge-clamp design is
being fabricated for these later tests.

2.2 TFABRICATION AND TEST OF MTA-1 AND TEST FIXTURES--—-TASK 3

The MTA-1 {fabrication and assembly status was L{mproved to within & days
04 the oniginal manugacturing schedule when damaged intercosital bonds
caused a delay in part completion.

Major Test Article 1 (MTA-1) is Subpanel 1. A photo of the test article
in final bond is shown in Figure 2-5, This is a beryllium subpanel
structure, about 8 by 13 feet long. It is made of a dark-side frame
assembly consisting of the cross brace; edge members; outboard spar;
center spar and intercostals; and sunside assembly consisting of the
outboard spars, center spar, upper— and lower-edge members, and the
lateral spar. These two frames are bonded together with a fiberglass
substrate upon which the solar cells are mounted.

As of June 1, 1968, the Subpanel 1 structure assembly is complete, except
for damaged intercostal bonds. Repair procedures are being developed.

The Task 7 manufacturing effort, which includes cell installation and
bus~bar installation, will be completed; and the MTA-1 will be ready

for delivery to the test area for instrumentation 10 days after repairs

to the structure are completed, The repair time will be established as
soon as removal of damaged items is complete. The delay, up to final
structural bond, has been caused primarily by delays in the detail fab-
rication of beryllium parts and by increased setup time for frame bonding.
Several days were lost when the etch, clean, and prime-process-validation
coupons failed at approximately 50% of specified bond-shear values. Re-
cleaning and priming of the parts affected was required. Many of the bond-
ing problems are the result of movement of parts during the bonding cycle.
Either pneumatic or spring pressure must be used to apply uniform bond
pressure., Therefore, rigid fixing of pressure applicators is impossible;
yet it is necessary to devise locators that apply no side loads during
the bond cycle. The time required to rework and improve the tooling for

11
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SUBPANEL 1 (MTA-1)

Figure 2-5
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the dark-side frame doubled the anticipated bonding setup time, The
failure of the intercostal bonds during cure is being investigated, and
a plan for repair will be developed and implemented in the next quarter.

Patches were also required for three beryllium cap strips or shear webs
damaged slightly during the setup. One titanium gusset failed to clear
the tool and was bent by pressure. This resulted in partial bonding and
required hand-filing and application of a doubler. Shear-tie parts and
compression pads required hand-filing to clear the center-spar tiedown
cables. This discrepancy was the result of misinterpretation of a drawing
change.

Although these problems caused considerable delay, the bonding operations,
up to final structural bond, are considered successful because of the size
of the assembly and its complexity. Substantial improvement in Phase IIT
tooling will be made from Phase II experience. However, the bonding
operation will continue to require careful and competent technicians to
produce the necessary bond quality.

The six solar-cell submodules (7 by 58 strings) are assembled, ready for
installation, and the dummy-cell submodules (7 by 29 strings) are mounted
on tape backing, ready for installation. The copper and aluminum bus
bars are fabricated, and will be bonded after the solar cells are in-
stalled. The installation of diodes and interconnection of live modules
are planned for accomplishment concurrently with panel-instrumentation
test. The MTA-1 test equipment has been fabricated and is ready for
installation. The panel assembly and the test equipment will be ready
for instrumentation in July 1968.

The test plan was submitted to JPL by Memo 2-1101-94-2-482, dated
April 30, 1968.

2.3 DEPLOYMENT EQUIPMENT AND MTA-3 INSTALLATION AND TEST---TASK 4

Installation and test of the Phase II deployment equipment was accomplished
during this quarter. Analysis and reporting of test results are the only
uncompleted activities remaining in Task 4.

2.3.1 DEPLOYMENT-EQUIPMENT INSTALLATION AND CHECKOUT

Installation of the deployment equipment is well ahead of schedufe, pro-
viding sufficient time to correct minon equipment problLems that might

othewwise have delayed the progham,

Installation of the deployment equipment was completed ahead of schedule.

During subsequent calibration and test activities, some delays were expe-

rienced due to minor equipment problems., Examples of the problems encoun-
tered are discussed below,

13
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Suspension Lines---The overhead lines that support MTA-3 continued to
creep under the weight of the subpanels. Changing the line from nylon
to a music-wire and coil-spring configuration corrected this condition.

Track Fairing---Maintaining fairing between adjacent track sections
remained a problem throughout this test period. After initial fairing

was achieved, it was necessary to check and smooth the track joints with
beeswax before each test run.

Mechanism Interferences---During deployment and latching of the MTA-3
subpanels, several mechanism interference problems were discovered. The
interference of the 2-3 latch link with the 4-5 hinge plates shown in
Figure 2-6 is an example., Interferences were corrected by shop work-
arounds to prevent testing delays; drawings will be updated to eliminate
interference problem areas during Phase III.

Diagonal Strut---The diagonal strut failed to lock at the end of the first
deployment swing because of incorrect parts (see Figure 2-6). As this
condition did not affect the time-history data, no action was taken.

Strut parts will be revised for Phase III.

Deployment Cable---The deployment cable developed kinks where it was
routed over rollers (see Figure 2-6). The kinks affected the cable
spring rate and changed the shape of the time-history curves, Alternate
cable designs are being investigated.

Hinge-Pin Aligrnment---Poor hinge-pin alignment caused excessive friction : }
and required realignment of the pins by optical means in the test area.

Tighter drawing tolerances and improved assembly tooling will improve

alignment in Phase III, ‘

2.3.2 TEST OPERATIONS

The mechanisms and aerodynamic tests successfully provided all experi-
mental data nequired for evaluating the MTA-3 deplLoyment analysis.

The mechanisms and aerodynamic tests were conducted to obtain operational
data on mechanisms for design applications, to provide data for verifying
the MTA-3 deployment analysis, and to determine aerodynamic effects on
test results. During the tests, subpanel-hinge angle, deployment~cable
tension, motor-windup rate, motor current, and the output of the strain
gages on the diagonal strut, all of which were recorded. In addition to
visicorder and "grocery" tape printouts, the data was recorded on magnetic
tape for future computer reduction and analysis.

14
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HINGE-LATCH INTERFERENCE

FAIRING OF AIRBEARING TRACK

15

DEPLOYMENT CABLE

PROBLEMS ENCOUNTERED IN DEPLOYMENT EQU IPMENT CHECKOUT

DIAGONAL STRUT

Figure 2-6
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2.3.3 TEST RESULTS

Preliminarny test data analysis indicates satisfactory operation of the
test anticle and equipment.

The Phase II deployment tests demonstrated that MTA-3 can be successfully
deployed under its own power, well within the capacity of the deployment
motor. Deployment-cable tension never exceeded 8.5 pounds. The frictions
encountered in the deployment system and hinges tended to smooth out the
time-history curves more than anticipated. The deployment-cable spring
rate changed from soft to relatively stiff during individual subpanel
swings, as the deployment motor stretched out the cable kinks. Although -
the deployment was not adversely affected, the variable spring rate com-

plicates test-data analysis.

Performance of the test equipment was excellent, Hangup of the airbearing
feet due to track-section misfairing was the only problem of consequence,

However, hangups were prevented by checking the track fairing before each

test run, :

Aerodynamic tests were conducted with plastic membranes attached to the
frames of MTA-3, as shown in Figure 2-7, to simulate the effect of the
MTA-4 substrate and cells, The time-history curves obtained during these
tests showed appreciable damping because of aerodynamic effects.

2.4 DESIGN AND FABRICATION OF GROUND SUPPORT EQUIPMENT---TASK 5 7

Final design of Phase 11 equipment and preliminary design of Phase IIIL
equipment has been completed. A development test (SCG-4) of elements of
the deployment demonstration system was successfully completed during the
quarter. Final design and fabrication of additional deployment-
demonstration equipment components was initiated in accordance with

TDM 951934-4, This effort, to be completed by July 1, 1968, was origi-
nally planned for early in Phase III, is being financed with Task 5
underrun funds.

2.4.1 SCG-4 TEST

Phase 11 tests have shown that the overhead track, caviiage, and winch
system will provide suitable deployment demonstration.

SCG-4 was used to evaluate the operation of the demonstration equipment,
The test setup (see Figure 2-8) consisted of a prototype track sectiom,
carriage, and spreader bar. Power was provided by a hand winch. The
track was suspended from an overhead framework, located between the sides
of the deployment-fixture base tower. A plywood panel was used to simu-—
late an MTA-3 subpanel unit.

L 5
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MTA-3 DEPLOYED WITH MEMBRANE INSTALLED

Figure 2-7
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Some friction in the carriage assembly was noted. The major source of
friction, causing the subpanel to deploy at an uneven rate, was paint on

the track surfaces. These surfaces will be left bare on the track fabri-
cated in Phase III,

Operation of the carriage-tow and release systems was satisfactory. The
effects of track deflection on the system were insignificant.

2.4.2 DEPLOYMENT-DEMONSTRATION EQUIPMENT DESIGN

Advanced testing of the auxiliary-subpanel deployment concept will provide
eawly congidence in the MTA-3 deployment demonstration system.

TDM 951934-4 authorized the final design and fabrication of the
deployment-demonstration equipment catwalk and ladder, lightweight
auxiliary subpanel and auxiliary-subpanel suspension system. These
components will be assembled in preparation for testing auxiliary-
subpanel deployment (to be performed in Phase III), as shown in Fig-
ure 2-8, MTA-~3 Subpanel Unit 4 will be supported during test by the
same overhead monorail track, carriage, and spreader-bar system as used
in the SCG-4 test. The auxiliary subpanels will be connected by cables
that drape over pulleys on the spreader bars, A light counterweight
added to the down-swinging subpanel will provide the deployment force.
Helper springs, located at the auxiliary hinges, will augment the counter-
weight force and sustain subpanel motion through dead-center points.

The test will consist of repetitive deployments of the auxiliary subpanels
to verify helper-spring operation, to determine the correct counterweight
size, and to observe the general behavior of the deployment system.

2.5 STATUS OF WORK~--TASKS 7 AND 8

Work was sitarnted on MTA-1 (Task 7) to delete Live cells, and SCS-43
vibration test setups were initiated before CCN approval to prevent a
program slide,

Drawing revisions and new drawing releases deleting all but six live
solar-cell modules and substituting simulated cells and busses have been
completed. The six solar-cell modules and the simulated solar cells of
microsheet glass are ready for final assembly on MTA-1l, The simulated
cells were ordered before release of the CCN to maintain the manufac-
turing schedule. The solar-cell modules are located in areas where the
highest vibration amplitude is predicted. The electrical busses are
nonoperative, but stiffness and mass are the same as electrically opera-~
tive busses. The SCS-43 vibration test plan and procedures have been
released and approved by JPL,

19



D2-113355-6

The SCS-43 test article was received from JPL and inspected visually.
One broken, simulated cell was replaced. Strain gages and accelerometers
were installed on the substrate and structure.

The first power-degradation test, A, was made on SCS-43 with the X-200

solar simulator. Some degradation is shown by the following values taken
from the V-I curves.

Power-Degradation Test 3 (9-21-67) Power-Degradation Test A (5-10-68)

I

1.69 amperes I
sc sc

1.62 amperes

v 31 volts v
oc oc

30.8 volts

The test fixture with simple supports for Panel Vibration Test 2 was
designed, and drawings were released for fabrication,

A Ling 249 Vibrator (30,000 pounds-force) was installed in the 50,000-
cubic-foot vacuum chamber. The Phase I test fixture (rigid-clamp-type)
was installed on the vibrator, and a checkout was made in air and 1/20th
atmosphere., Sine sweeps (15 to 150 Hz) were made for each condition to
the maximum test level of 4.3 g's peak. Vibration 1 (ambient and 1/20th
atmosphere) tests were run on the setup illustrated in Figure 2-9.

The work to be accomplished during the next quarter will include comple-
tion of Vibration Test 2, both ambient and in 1/20th atmosphere, and

Power-Degradation Test B, Test reports for Tests 1 and 2 will be released.

2.6 QUALITY ASSURANCE STATUS AND REPORTING

Quality assurance support of Task 3 processing peaked at approximately
midquarter., At this time, some 700 manufacturing plans had been reviewed
and approved, Quality Control certification laboratories completed

5 more adhesive and primer analyses, bringing the total to 16, Produc-
tion at the beryllium-surface conditioning supplier at this this time
was also at its highest., The Boeing Quality Control representative
activity participated in receival of beryllium parts at the supplier's
facility; participated in processing; and checked, cleaned, and primed
parts before returning the shipment to Boeing. Continual telephone com-
munication between the Boeing supplier representatives and Boeing Quality
Assurance was maintained and provided expedited direction, as required.
SCS-43 was received and inspected at Boeing, upon return from JPL. No
additional discrepancies (compared to Phase I delivered part conditions)
were apparent. This test article was then released to test personnel,

Analysis of nonconformance data indicates that experience has been gained
and fed back into progham operations.

Table 2-2 reveals that fewer MTA-1 parts were rejected during this quarter
than during the previous quarter. This is attributed to experience gained
by manufacturing and inspection personnel. The tabulation also indicates

20
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that fewer engineering dispositions on discrepant parts were encountered
that were acceptable without rework. Consequently, from the feedback of
information from the shop discrepancy reports, design drawing and process
changes were instigated. The effect of this action resulted in the more
acceptable "spread" of engineering dispositions during this reporting
period. At least 85% of engineering drawing changes were intended to
clarify fabrication and inspection requirements.

On several occasions, normal penetrant inspection of beryllium parts was
followed with eddy-current inspections when a flaw was indicated. Eddy-
current inspection provided exact flaw dimension and location data, which
was evaluated and used by engineering to direct the disposition of re-
jected parts.

2,7 MATERTEL SUBCONTRACT STATUS

ALL planned Materiel procurement activities for Phase 11 were completed
duning this quarnter.

The last shipment of beryllium processed at Chemical Energy Company (CEC)
was received on April 26, 1968. A total of 900 parts were processed by
CEC at a cost of $41,261l. An increase of 208 parts over the original
estimate of 692 was due to additional backup material being processed,

. and to such miscellaneous detail parts as shims, clips, and angles not

~§ included in the original estimate.

CEC encountered a problem in maintaining the production flow because of
the erratic and large number of individual shipments for processing.
Sufficient material was mnot available to maintain continuous processing,
which required starting and stopping several times, thereby increasing
operating costs. This problem had no affect on the price negotiated
with CEC.

Many parts with defects were reworked several times by CEC at no addi-
tional cost to Boeing. One center splice plate was broken by CEC, and
another part developed a crack during processing. The cost of replacing
the beryllium was borne by Boeing. The additional processing and over-
time required to meet the schedule were absorbed by CEC.

The cooperation of CEC in meeting Boeing requirements has been outstand-
ing. A few of the operations, such as chem-milling, inspection, and
testing, are shown in Figure 2-10.

Receipt of the qualification and production units completed the motor

and cable assembly procurement. The qualification test report was

received on May 20, 1968; the reliability data was received on June 3,

1968. Approval of Purchase Order Change 2 is being withheld by JPL

pending receipt of an executed copy of the instrument of waiver for the

new technology clause. A copy of this waiver has been requested from
- United Shoe; when received, it will be mailed to JPL so that the change
order can be released.
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CHEM-MILLING AND PREPARING CLEANED AND
CLEANING FACILITY PRIMED COUPONS FOR TESTING

Figure 2-10: BERYLLIUM FABRICATION OPERATIONS )
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Additional titanium shear-teeth processing was completed by Roselle Tool
and Die Company in a 5-day turnaround time. Roselle Tool and Die Company

processed the total quantity of shear fittings for a total program savings
of $6,900.

Materiel completed preliminary industry surveys to obtain information on
beryllium~forming and chem-milling capabilities. Preliminary estimates
were received from Solar, North American, and Republic Aviation on form-
ing. These estimates are being evaluated for Phase III backup planning.
Additional sources for chem-milling, cleaning, and priming beryllium are
being investigated to reduce proposed beryllium-processing costs in
Phase III by obtaining competitive bidding.

The deployment structure was the only major item purchased in Tasks 4
and 5, and was completed on January 31, 1968. Miscellaneous parts,
equipment, standards, and raw material were the only items purchased
during this quarter, and delivery of these items supported program
schedules,

Materiel activity in the fourth quarter will be devoted to obtaining

firm cost proposals on beryllium processing; reviewing Phase III schedules
and materials to support program-planning activities; and reviewing the
earned-value concept for application to the Materiel organization
activities.
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FOREWORD

A review of the technical analysis required to develop the configuration,
fabrication, and testing of the Large Area Solar Array is presented in
this section. The factors affecting these items include:

® Effects of launching;

® Requirements of deployment;

. Behavior of the deployed array;

o Requirements of ground deployment and testing;

° Effect of fabrication problems on structural configuration

and electrical components.

The objective of the three-phase program is to develop the technology for
the design and fabrication of a solar array having a specific performance
of 20 watts per pound. It is the purpose of Part II to show that the
technical analyses performed in Phases T and II support this objective.

The analyses reflect the following:

° The dynamic response to and the internal loads derived from
the boost environment}

] The dynamics of solar array deployment on the ground and in
space;
® The prediction of temperature distribution and the establish-

ment of appropriate thermal control;

] Selection of materials;

e Prestressing of the array;

® Computing and verifying the weight distribution;
® Analysis of the electrical performance;

® Problems of quality assurance;

e Analysis of reliability and product assurance.
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1.0 DESIGN CRITERIA AND REQUIREMENTS
1.1 JPL SPECIFICATIOﬁ GMP-50505-FNC-B

JPL Specification GMP-50505-FNC-B established the primary constraints
on the LASA des.gn.

It is assumed that the shroud is ejected 4 minutes after engine ignition
and that Centaur burnout occurs 20 minutes after engine ignition. During
the 16-minute period from shroud ejection to Centaur burnout, the maxi-
mum dynamic loads are assumed to occur simultaneously with the most
adverse thermal condition of the first 20 minutes.

Figure 1-1 defines the direct Earth escape trajectory portion of the
mission and shows that the array deploys approximately 3 hours after
launch.

Environments that significantly affect the LASA primary structure during
the stowed phase are:

1) Lateral sinusoidal vibration input applied at the aft hinge-line
interface with the spacecraft at levels shown below:

e Input (g's) Frequency (Hz)
2.0 2<f=20
1.5 20=£200

The sine sweep is at 2 octaves per minute.

2) Steady-state accelerations are 13 g's longitudinal combined with
2 g's lateral;

3) The critical thermal condition is solar heating due to exposure of
the array after the shroud is ejected. It is assumed that the

temperature of the solar array environment at shroud ejection is
77°F (25°C);

4) The static preload environment is substrate tension and stack
tiedown loads to be determined by analysisj

5) The design limit load factor is 1.0 with a fitting factor of 1.15,
whereas the ultimate load factor is 1.25 applied to the limit
design load;

6) The stowed arrays will withstand the flight acoustic environments
during the launch phase (Figure 1-2).
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Criteria affecting the primary structure of LASA in the deployed config-
uration are:

1) The solar array will be capable of full deployment without inter-
ference between the array elements and between the array and the
spacecraft;

2) No structural or electrical degradation will occur due to or during
the following conditions:

a) The thermal gradients that will develop between the Sun and
dark sides of the array due to solar illumination at 140
mw/cm? intensity,

b) Transient thermal shock from -100 to +75°C at rates not less
than 30°C per minute,

c) A steady~state acceleration of 3 x 10 directed at 45 degrees
to the plane of the array. This loading simulates that imposed
by the cruise engines,

d) Repeated discrete applications to the entire array of a square
wave pulse with duration not less than 13 seconds or more than
5 minutes and maximum amplitude of 2 x 10-5 radians/se02 pitch
angle accelerations;

3) The first-mode resonant frequency of the entire deployed array will ( )
be greater than 0.04 cps to prevent deleterious coupling with the
spacecraft autopilot system.

1.2 ASSUMED DESIGN CONSTRAINTS

1t was necessary to establish on assume additional design constraints as
the design and analyses evolved.

1) An initial tension of 12 pounds per inch (effective) is required in
the substrate to keep the natural frequency of the substrate,
vibrating as a membrane, above 45 Hz. Also this tension is required
to make the substrate panels more effective in shear (especially
stiffer) and to keep the panels flat.

2) A preload tension is required in the tiedown cables sufficient to
prevent separating of the panels, unlocking of latches, and
slackening of cables and to keep compression on all bearing surfaces.

3) It is assumed that the spacecraft is relatively rigid in the plane
of Subpanel 1 at the interface of the main center hinge and the
spacecraft.



4)

5)

6)

7

8)

D2-113355-6

Design requirements for the ground-testing and transportation
fixtures are required for the protection of the array during test
and transportation and to comply with certain safety, building,
and facility regulations. )

To establish appropriate hinge loads, auxiliary dampers control the
closing velocities of the deploying sequences.

It is necessary to assume a controlled or known thermal environment
in the spacecraft prior to shroud ejection.

No acoustic test duration was designated in Specification GMP-50505-
FNC-B; therefore, 2 minutes was selected as a reasonable time at

maximum level.

An assumption of structural load transmissibility of Q = 15 was
made for design.

1w 5
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2.0 EFFECT OF BOOST ENVIRONMENT ON DESIGN

This section discusses the analysis of the effect of the boost environment
on the stowed solar array. The following sections describe the analysis
of the structural loads and deformations produced by the boost environ-
ment, analysis of the temperature distribution and resulting thermal-

control requirements, and the analysis and design of the boost-tiedown
and shear-tie systems.

2.1 DYNAMIC AND INTERNAL LOADS FOR STOWED CONFIGURATIONS

2.,1.1 MATHEMATICS OF STRUCTURAL ANALYSES

The displacement method formulated in matrix algebra is the pregernred
method o4 structural analyses.

The direct stiffness method described in Reference 3, Section 11.0 was
used to write the basic load-deflection equation:

B

) [Ku Klz] {u [Al]
K K . + A AT
21 722 2
where:
F = Loads applied to the node points (given);
R = Reactions at the boundaries (unknown) }
u = Displacements of node points (unknown);
c = Displacements of boundaries (given);
T = Temperatures at the node points (given) ;
Kij = Stiffness coefficients;
Aij = Thermal-restraint coefficients.

Solution of these equations gives:

M - [Ku]—l {F} - [Kll] - [Klzllcl' - [Ku]_l [All IATI

[R‘ - [K21HK11]_1 IF! * [Kzz - K21K11_1K12H°| * [Az - K21K11_1A1”AT,
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The stresses are determined from the equation:

{¢} = [s] {u}.

The technique of determining the appropriate stress average is described
in Reference 3 of Section 11.0. The stiffness coefficients of the
structural elements are mutually independent; therefore, the stiffness
matrix K;i; in the above equations can be derived by addition. Because
of this, % can quickly be computed by a merging process. Also, the
equations can be adjusted to changes in design without determination of
unknowns.

COSMOS, the comprehensive digital computer program, developed by Boeing,
was used extensively to solve the load deflection equations. This pro-
gram enforces joint equilibrium, compatibility of deformations, and
satisfaction of the boundary conditioms.

The dynamic response was analyzed by the calculation of a number of
natural frequencies and mode shapes of each of several components and
the formulation of modal analysis using Hurty's method described in
Reference 2.

" The following matrix equation is solved to yield eigen-values (frequen-
cies) and eigen-vectors (modal displacements):

Mal = K17 pg{q)} yields {¢} and {w}
The matrix equation of motion for sinusoidal excitation is then solved:

[M]{¢} N sin @t
(o] [M]{d}

@) + [2yad (@) + [@%] {q} =

where
¢ = modal displacement;
w = natural frequency;
K = stiffness coefficient;
q = generalized coordinate;
M = mass;
y = damping coefficient;
w = excitation frequency;
2,

N = acceleration input in./sec®;

t = time;
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{6i}

[¢]{q} = deflections;

{51} —[¢][w2]{q} = accelerations;
{loads} =-[M]{S} = loads.

The model used for structural analyses consists of an aggregate of a
finite number of discrete structural elements and a finite number of
lumped masses, all joined to a finite number of nodes. The applied load
model is a finite number of concentrated loads applied to the joints.

Several comprehensive dynamic and internal loads analyses have been made
of the LASA stowed configuration. The first idealization considered
each stowed solar panel assembly as being made up of five separate
structures (Figure 2-1). Each panel type was restricted to a single
type of motion; that is, the in-plane panels moved in an in-plane
direction, and the out-of-plane panels moved in an out-of-plane direc-
tion (see Figure 2-2a).

A second panel assembly idealization was developed that allowed both
in-plane and out-of-plane motion simultaneously (see Figure 2-2c).

- Only the displacement method and the availability of appropriate digital

programs permitted the structural analyses associated with the develop-
ments described above to be completed in the time covered.

2.1.2 SUMMARY OF LOADS ANALYSIS

The dynamic conditions create the crnitical Loads and deformations in the
stowed panel.

In the first -analysis, all four panel assemblies of a LASA were consid-
ered to be coupled together in vibration. However, each type of panel
assembly was restricted to a single type of motion; that is, the in-
plane panels moved in an in~plane direction and the out-of-plane panels
moved in an out-of-plane direction (see Figure 2-2a). The second panel
assembly idealization that was developed allowed both in-plane and out-
of-plane motion simultaneously. The resulting critical natural modes
were nearly identical to those obtained by the first analysis, and it is
concluded that, in this case, the predominance of a "single-type motion"
makes it an acceptable assumption for final analysis.

The substrate was analyzed as a 24-inch square component bounded by
beryllium outer spar members and yielded a substrate natural frequency
of 48 Hz. When this analysis was refined to consider the effects of
intercostals and additional substrate sections, the substrate natural
frequency dropped to approximately 36 Hz. Note that this frequency is
for the substrate-intercostal structure located between the centerline
spar and an outer spar, between the lateral spars located at Stations
10.5 and 123.7, and typical of Subpanels 2 through 5. The small

2-3
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component test SCS-43 was typical of the substrate structure in Sub-
panel 2 above Station 123.7 (48 inches square). The predicted frequency
for SCS-43 was 41.9 Hz for pinned ends to 45.0 Hz for fixed ends, as
compared with measurements of 39 Hz of 0.20 g input to 35 Hz at 3.00 g
input.

Figure 2-2 illustrates the different substrate boundary conditions.
Originally the frequency separation between the substrate and the array
resonance was sufficient so that the substrate was considered rigid;
however, when the substrate frequency was determined to be 36 Hz, more
substrate-to-panel coupling occurred, It was found that this shift in
substrate resonance: (1) did not change the total external load; and
(2) increased the maximum total deflection at the substrate (relative

to data from 0.56 to 1.16 inch due to.l.5-g lateral sinusoidal vibration
input). This deflection does not represent an interference problem, as
the structure and substrate are in phase; and the LASA fundamental
frequency was lowered to 21.5 Hz. On the basis of these results, it was

necessary to include the substrate interaction with the primary structure

for a final analysis. :

The shear ties located along the spar caps of each subpanel are impor-
tant in determination of the total out-of-plane bending stiffness and
out-of-plane bending internal load paths of a panel assembly. During
the first quarter, the panel assembly was idealized as five planar
frames representing the five subpanel units. The out-of-plane bending
stiffnesses of the spars were calculated on the basis that out-of-plane
shear would be transferred from one spar to another through all shear
ties; however, for simplicity only the original baseline shear ties were
represented in the model, thus affecting the detailed internal load
paths. During the second quarter, the out-of-plane bending character-
istics of the outer spars and the principal lateral spars located at
Station 123.7 were examined in detail. 1In each case all 13 spars were
idealized and all shear ties represented in their actual locations.
Figure 2-2c shows schematically the idealization differences for an
outer spar. The different shear tie idealizations used during the first
and second quarters lead to significant differences.in the internal
loads. :

In the third quarter of Phase I, the final dynamic analysis of the array
was undertaken. The elements of the configuration that appear to be
most critical to the structural performance and, hence, most important
in structural idealization, were the shear ties and tiedown system. The
previous analytical model utilized an in-plane planel and an out-of-
plane panel, which were coupled together using Hurty's component mode
technique. The dynamic performance of the tiedown system is obscured

by the use of the component mode technique. Visibility of such perform-

ance can best be expressed in a single model. Because of the significance

of the tiedown system, it was decided to idealize the structure by a
model that could be generated in one COSMOS run, saving both calendar
time and computer time.
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To represent the structure for purposes of dynamic analysis in a single
COSMOS run, the stiffness matrix must be reduced to about 100 x 100.
Because the array weight is quite uniformly distributed over the array,
the nodes retained in the stiffness matrix must be similarly distributed.
It was concluded from previous analyses that the response of the sub-
strate on the out—of~-plane panel cannot be ignored and must be consid-
ered in the model. The decision was made to idealize half of the array
by modeling one in-plane panel by three equivalent subpanels and two
out-of-plane panels (half panels), each by a single equivalent frame,
including the out-of-lane substrate.

Out-of-Plane Panel---The main elements of the out-of-plane panel require-
ing caution in idealization are the shear tie effects. The tiedown
system and shear ties cause all spars to behave as deep beams in the
out~of-plane direction. The shear ties at the ends of the spars also
provide some end fixity that must be idealized. A two-dimensional repre-
sentation of the lateral spar, including shear ties, was analyzed by the
MIT STRESS computer program to evaluate the effect of the shear ties.
These results indicate that each spar of this 13~spar stack carried

about the same bending moment, whereas only.the outer spars (Panels 1 and
5A) had significant axial load. Using this information, the spar stack
was idealized by a beam in which the moment of inertia was the sum of the
moments of inertia of each panel, the shear area was the sum of the shear
areas of each panel spar, and the cross—-sectional area was the area of
Panel 1. A second element was composed of a member that carried axial
load only; its cross—section area was that of the Panel 5A spar. This
member was supported by stiff beams attached to the first beam at the
shear-tie locations that simulate the end fixity conditions. This
idealization is shown in Figure 2-3.

This results from this idealization compared very well with the MIT
STRESS program results. Each spar was simulated likewise. 1In addition
to providing a good idealization of the spars, the simulation properly
located the tiedown system attachments.

Panel 5A I=0 A=Asp

» | .

I=% li A=A
., A, N Panel 1 !
Figure 2-3:  PANEL IDEALIZED STRUCTURE

1
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The intercostal properties were idealized as the sum of the properties
of the individual intercostals. The substrates in each 24- by 24-inch
section were assumed to act together; that is, all 13 substrates in each
section were represented by a mass supported by two beams in a cruciform
pattern connected to the array spars and intercostals. The stiffness

of these beams was adjusted to yield the natural frequency of the sub-
strate determined from a membrame analysis. It must be recognized that
representing the structure and substrate this way assumes that all of
the structure remains in phase and that adjacent spars and substrate do -
not move in relation to each other. This is a reasonable assumption
because the tiedown system constrains the spars to move together, and
the total loads in the structure and peak deflections would be reduced
if the substrate and intercostals were out of phase. This assumption
results in peak deflections and loads.

In-Plane Panel---Three subpanels were used to idealize the in-plane panel
of the stowed array. The principal reason for using three panels was to
include the effects of the assembly center-of-gravity offset from

Panel 1. The first subpanel was composed of Subpanel Units 1 and 2, the
second of Units 3 and 4, and the third, Unit 5. The section properties
of the idealized structure were taken as the sum of the properties of

the individual panel elements. The diagonal substrate was idealized as
an equivalent beryllium sheet. Shear ties were placed at Stations 10.5
and 123.7. The principal structural element of the in-plane panel is

the diagonal brace, which contributes most of the stiffness and is the
primary load path. A

S

R

The tiedown system is easily idealized by elements capable of taking
axial loads only. The idealized panels accommodated the geometry of the
tiedown system. Figure 2-4 is a schematic of the idealized array.

After the dynamic analysis of the stowed array, an analysis was per-
formed to ensure that unsymmetric loading and excitation in directions
other than those normal to the panels would not impose additional design
conditions and constraints. A simplified model of the total array was
developed, neglecting the out~of-plane panel, and the results indicated
that this method of idealizing the spars is satisfactory for in-plane as
well as out-of-plane panel motion. For this reason, this appears to be
the most attractive methcd of building the dummy panels for MTA-4.

Figures 2-5 and 2-6 show the pertinent results of the dynamic analysis
for a 1.5~g lateral sinusoidal vibration input and an assumed trans-
missibility (Q) of 15. The peak structural deflection of 0.62 inch
occurs at the center spar between Stations 55.5 and 100.2. The maximum
relative deflection between the substrate and its adjoining structure

is 0.5 inch. Because the array structure extends 0.75 inch beyond the
substrate, no interference effects will be caused by substrate vibration.
Table 2-1 compares the static envelope with the dynamic deflections at
various points in the array. Although there are no overall interference
problems with the spacecraft envelope, it is indicated analytically that
there are a few local interferences at diagonal strut and tiedown fittings.
It was stated in Boeing Dccument D2-113355-2 that, because the spacecraft
is not fully defined at this time, it is assumed that local interferences
will be eliminated when spacecraft details are known.

2-8
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Table 2-1: LASA TO SPACECRAFT NET CLEARANCES

LASA Dynamic Net Clear-
Static Deflec~ | ance or
Clearance tion Interference
Location of Clearance Clearance (inches)* (inches)¥** (inches)
Stations 10 to 40
® Tiedown fitting at Local 0.1 0.06 0.04 .
station 10.5 to
spacecraft
@ Diagonal strut fitting Local 0.40 0.30 0.10
at station 27.3 to )
spacecraft
e Diagonal strut to General 0.84 0.55 0.29
spacecraft
e LASA frame to spacecraft  General 1.85 0.55 1.30
Stations 40 to 87
® Diagonal strut to General 0.84 0.62 0.22
spacecraft ‘
e LASA frame to spacecraft  General 1.85 0.62 1.23
Stations 87 to 125
#® Tiedown fitting at Local 0.1 0.17 (0.07)
station 100.2 to
spacecraft B
e Diagonal strut fitting Local 0.40 0.62 (0.22) ,)
at station 119.20 to -
spacecraft
# Diagonal strut to General 0.84 0.62 0.22
spacecraft
® LASA frame to spacecraft  General 1.85 0.62 -1.23
® Tiedown fitting at Local 0.10 0.16 (0.06)
station 123.7 to
spacecraft
Stations 125 to 151
e LASA frame to spacecraft  General 1.85 0.60 1.25
® Tiedown fitting at Local 0.10 0.15 (0.05)
station 147.5 to
spacecraft
e Overcenter lock at Local 1.33 0.15 1.18
station 150.2 to
spacecraft
Stations 151 to 171
e Tiedown fitting at Local 0.10 0.15 (0.05)
station 169.9 to
spacecraft
® LASA frame to spacecraft  General 1.85 6.35 1,50
#Includes stack tolerance buildup N
**Based on lateral sine vibration input of 1.5 g's ﬁ

2-12
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The results of the latest dynamic analysis indicate improved structural
performance. There has been a slight increase of the first natural fre-
quency (from 21.5 to 22.0 Hz); there has been a reduction of the magnitude
of the overall deflection pattern; and there has been a significant re-
duction of the total external loads acting on the LASA. Out-of-plane
panel loads have reduced by 187, and in-plane panel loads have reduced

by 49%. The net effect of these changes has been to decrease the total
shear and moment acting on the spacecraft hinge from 31,500 pounds and
26.0 x 102 inch~pounds to 21,200 pounds and 19.0 x 105 inch-pounds,
respectively.

The internal loads analyses were updated to account for all of the LASA
configuration changes mentioned earlier in this section. It was decided
not to incorporate the most recent dynamic loads into the internal loads
analyses because these loads---as described above--~have decreased sub-
stantially from earlier levels. Because the loads are too dependent on
coupling of the in-plane to out-of-plane panel assemblies, it was felt
that a conservative approach would be to use the earlier more critical
set of dynamic loads.

The Large Area Solar Array in the stowed condition was analyzed to deter-
mine the significance of antisymmetric bending modes on the array design.,
This was accomplished with the use of a simplified model of the total
array that incorporated the principal structural elements of the array:
namely, the outer spars, center spars, lateral spars, diagonal brace,
in-plane substrate, and boost tiedown system. Each panel assembly was
modeled by a single panel, Refinements such as out-of-plane substrate
effects and inclusion of all intercostals were not included, but their
effects are secondary and do not affect the validity of the results.

Three conditions were examined in the analysis:

Case l-—-Symmetric condition that corresponds with the current design
analysis;

Case 2---Symmetric array structure with the mass of one panel assembly
increased 107;

Case 3—--Symmetric array structure with the masses of two adjacent panels
increased 107%.

The natural modes, frequencies, external loads, and internal loads for
each case were determined. Case 3 is critical in response for excitation
of 45 degrees to the panel plane. Condition 2 is critical for excitation
perpendicular to the panel plarme, with one panel loaded higher than the
rest, The array torsional modes and "diamond" modes have frequencies of
42.5 and 37.5 Hz, respectively, and antisymmetric loadings do not cause
them to respond significantly.

The responses and the external and internal loads for the three conditions

have been compared and are presented in Table 2-2. These values do not
correspond precisely to the design values because of the necessary model

2-13
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simplifications, but they serve as a comparison to select the critical
case. The external loads and deflections of the torsional mode are pre-
sented for Case 2 to indicate the insignificance of that mode to design.
The diamond mode is even less significant. Therefore, the antisymmetri-
cal loads were less significant to the configuration and sizing of the
structure than were the symmetrical loads.

The results of the analyses of the stowed configuration as it evolved
from the original baseline of September 1966 to September 1967 are sum-
marized in Table 2-3. It is obvious from these tables that the dynamic
loads are the more critical and that the modifications to the baseline
are justified.

2.2 VIBRATION ANALYSIS
2.2.1 DETERMINATION OF SUBPANEL VIBRATION CHARACTERISTICS
Analysis of the vibration characteristics of the MTA-1 will be verified
by the following Ltest progham,

The basic test objectives are:

1) Determine the electrical degradation caused by large—amplitude
substrate motion;

2) Compare measured with calculated frequencies in air and in vacuum;
3) Evaluate damping characteristics in air and in vacuum.

An analysis of the resonant frequencies and mode shapes has been com-
pleted. From this analysis the locations and sizes of the vibrators
were determined, as shown in Figure 2-7. The analysis was influenced
by the necessity to try to duplicate the boost vibration and environ-
ment at the substrate supporting the cells,

The normal modes of the pinned-free MTA-1 panel have been determined to
predict the response levels and to select optimum shaker locations. The
modes were calculated for the following conditions:

1) Panel alone in vacuum;

2) Panel with 3.5-pound shaker mass at top of centér spar (Station
169.9) in vacuum;

3) Panel in air with 3.5-pound shaker mass at top of center spar
(Station 169.9);

4)  Panel in air with 3.5-pound shaker mass at center of lateral spar
(Station 123.7);

5) Two 25-pound shakers at Station 169.9 on outer spar in vacuum.
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Subsequent to analysis of the first four conditions, it was determined
that the shakers available for the test were two 25-pound shakers with
10~ounce voice coils. The fifth condition was analyzed to reflect this,
This condition is now the nominal one.

The mass of air applied to the panel for the ambient atmospheric test
was taken as the mass in the volume shown in Figure 2-8.

o T N N
< >

|24in.  50in. 24iny |24in.) 12 in. | 24 31'
[ | [
Panel Width Panel Length
Figure 2-8: ASSUMED VOLUMES OF AIR MASS

The mass of air in a 2-foot-diameter sphere was applied to each substrate
mass, and the remainder was distributed over the panel structure. A
summary of the analysis of the nominal case (Condition 5 above) is given
in Table 2-4, The first five mode shapes and frequencies are shown in
Figures 2-9 through 2-13.

Table 2-4: SUMMARY OF ANALYSIS OF MTA-1 VIBRATION CHARACTERISTICS

50-1b Input 50-1b Input
Frequency Generalized Substrate Structure
Mode (Hz) Mass Response Response
1 6.50 0.00330 — -
2 15.4 0.00230 33.4 32.9
3 24,3 0.00187 - -
4 31.6 0.000736 37.6 6.15
5 32.6 0.000471 42.6 3.42

Condition 5: Vacuum, two 25-1b shakers at Station 169.9 outer spars;
Shaker Mass = 1,25-1b total.

A 2-pound force from each shaker (out of phase) will result in a l-inch
tip deflection in the first torsional mode (W = 6.5 Hz).
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Figure 2-9: MTA-1 PINNED FREE MODES, fy = 6.5
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Figure 2-10: MTA-1 PINNED FREE MODES, fp = 15.4
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Figure 2-11: MTA-1 PINNED FREE MODES, f3 = 24.3
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Figure 2-12: MTA-1 PINNED FREE MODES, f4 = 31.6

2-22



D2-113355-6

\\ 5

Figure 2-13: MTA-1 PINNED FREE MODES, fs =32.6
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During the MTA-1l vibration tests, the displacements and accelerations
will be monitored by accelerometers located on the panel as shown in
Figure 2-14, Strain gages located as shown in Figure 2-15 will be used
to monitor the stress levels.

2,2.2 VIBRATION OF SCS-43

Testing of subpanel model SCS-43 previewed Local substrate and intern-
costal vibration characteristics.

The SCS-43 test panel was tested in Phase T (Figure 2-16) to determine
the response and damping of the panel subjected to vibration excitation.
The results of these tests indicated the advisability of additional
testing. The purpose of these tests is to determine the effect of air
on the resonant frequencies and damping, and to obtain test data for
another panel support condition.

The tests started with an initial low-level diagnostic sweep to determine
the general characteristics of the panel. This was followed by sweeps

at increasing levels of excitation, with dwells at one low and one high
frequency, followed by a decay record for each dwell, All test data were
recorded on tape., In addition, quick-look wvisicorder records were made
of certain accelerometers and strain gages for use in selecting the input
excitation for the subsequent sweep.

The Phase 1 test was analyzed by an array of six beams representing the
substrate stiffness for each of the four sections. The panel weight was
distributed as concentrated weights at the nine stations in each sector
that defined the intersection of the beams. The beam stiffness was
selected to match the substrate fundamental frequency calculated by
energy methods, Solutions for all four edges pinned and for all four
edges clamped were obtained.

Analysis of the stowed array showed an undesirable increase in effective
weight and a consequent reduction in the first resonant frequency when
the substrate primitive frequency was not sufficiently higher than the
array frequency. The substrate tension value was selected to ensure an
adequate frequency separation, and the Phase I vibration test devised to
verify that the selected tension was adequate, However, comparison of
measured and calculated frequencies could only be made by assuming an
effective air mass, so the verification was not complete., In addition,
the damping was large, and the relative amounts of air and structural
damping were not separable.

Analysis for the second series of tests used the same model as Phase I,
except that the edge constraints were changed to two edges pinned and

two edges free. Solutions have been obtained for three conditions:

(1) in vacuum, (2) with a hemisphere of air moving with each of the four
sectors, and (3) with a hemisphere of air moving with the entire panel.
Figure 2-17 shows the mode shape for the first resonance in vacuum. Only
small differences for the resonant frequencies of the first four modes
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were obtained, and the motion of the edge beams in bending was also
small. This was expected: the frequency of an edge beam is well above
the substrate frequency. A band of frequencies between 85 and 100 Hz
appears to be similar to those measured in the Phase I test. In vacuum
the fundamental frequency was between 43.2 and 44.5 Hz, in good agree-
ment with the calculated frequency of 44.2 Hz. Damping evaluation has

not been made, but the response in vacuum was roughly 20 times that
in air.

2.3 PRESTRESS CONDITIONS

2.3.1 SUBSTRATE PRE-TENSION LOAD ANALYSIS

An average pre-temsion Load of 12 pounds per inch Lin the substrate f§ield
16 a reasonable and acceptable requirement for LASA design.

It is reasonable to assume that some tension is necessary in the substrate
to keep it flat during the fabrication of the panel and to keep it from
going slack during boost. Some tension is also required to keep the
natural frequency of the substrate above those of other elements of the
structural system. However, too much tension will produce deleterious
effects.

It is believed that a sufficiently accurate estimate of the pre-~tension
effects is obtained from the analysis of a single 24-inch square panel
of substrate, bonded by four typical spar members.

J

1) Consider the effects of the flexible edge frame on the distribution
of the temsion loading in the panel. The basic equation for the
deflection of the edges may be written as:

4 2
Sy W2 43 gl o gy
dx dx

il

where: x = Coordinate axis of edge beam;

y = Deflection axis of edge beam;
h = Prestretch in substrate for a uniform load of Nmax;
KZ _ NaveL .
- ’
2EBIB
54 _ 2Ests .
- ’
LEBI
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f

where: L = Length axis of edge beam;

N = Load in substrate in pounds/inch;
ES = Young's modulus for substrate;

tS = Thickness for substrate;

E, = Young's modulus for beam;

IB = Moment of inertia for beam;

It can be shown that ) is small enough to be ignored and the above
analysis reduces to:

4
fl%%-+ ﬁAy
dx

Bn
Given typical values as follows:

8.5(10)%; ¢

Eg = g = 0.003 inch,
L = 24 inches, .
)
: 6 . A o
E, = 44(10) 73 I, = 0.023 inch ',

the axial load on the edge beams is 120 pounds,

The solution of the above equation gives the following ratio of the
maximum tension load (at the middle of side) to the maximum load:

_oin 0.266
N
max

In other words, it can be expected that for the LASA design the panels
at the edge will possibly have a minimum substrate tension of approxi-
mately 25% to 30%Z of the maximum value,

2) Next, consider the effects of the substrate temsion on the frequency
of the substrate. It is expedient to assume tension distributions
in the substrate as follows:

For the orthogonal tapes

N

T =7°—{(1 - k) cos%‘:l+ (1 + k)}
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N

o 21X
T =e— -— Pavisia
y 5 {(l k) cos T + (1 + k)}
T = 0
Xy
For the diagonal tapes
i N0 2mx 2ny
TX=Ty=—2— {(l—k) COSTCOST+(1+k)}
" N
__o : . 2mx ZHY}
TXy 5 {(l k) sin =T sin 5
where: N =N
o max
min
k=
o
N =N=<l+k>N
ave 2 o
. For a modal deflection of:
¥,
- W sinTE ginTY
W Wo sin T sin T cos wt

the following natural frequencies may be derived:

N
_ma.]_ofl+ 3k .
worthogonal = L-\/m (——E———) (radians/second)
o =_TL\/_I_\T_(_) 5+3k
diagonal LY m 4
/ZN
I— L m

Typical values of frequencies for N, = 10 pounds per square inch
and an "m" based on a weight of 0.182 pounds per foot are:

w, = = 51,5 Hz;

1
‘ wdiagonal = 44.0 Hz;
i “orthogonal = 34.5 Hz;
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These frequencies are sufficiently high and they show that the
diagonal tapes are superior to the orthogonal tapes.

Lastly, consider the possibility of instability of the frame caused
by tension in the substrate, Let the idealization be as shown in
Figure 2-18, and the deflection pattern be assumed as follows, and
equate the internal work to the external work.

il

N = Membrane load pounds per inch (assume N is uniform)

M

It

Twisting moment

Assumed Rate of Twist:

_ o .
= Tiab (rad/in)

Assumed Displacement:

v =2 _ - xz
o l4ab

v

The internal work versus the external work gives the following:

o e A 2 + E:GéezAzb + lfUX%J dxdz
Horizontal Bars Vertical Bars Horizontal Tape
1 2 1
+ ﬂ‘ o€t dxdz + 3 GJ 5O L =75 MOL

Vertical Tape

from which the torsional stiffness becomes:

2
M 2 2 g)
_G-_GJeff —3Na (a +7

which in turn gives:

with GJe being for N = C.

ff

1t can be shown that for LASA it is sufficiently accurate to use:

1 1
GJeff - -@ZGJvert + 7bZGJint
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Figure 2-19: SUBSTRATE ASSEMBLY AND PRETENSIONING )
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For GJe 0.1805

ff

N
cr

340 pounds per inch

which indicates that the array frame is sufficiently stable for
N = 12 pounds per inch,

In conclusion, a tension load of 12 pounds per inch will satisfy the
nominal requirement, while at the same time the frame is sufficiently
stiff to permit a higher value if future tests indicate it necessary.

2.3.2 FABRICATION FOR INITIAL TENSION IN SUBSTRATE

A special thermal-Loading progham 48 nequired fo provide a flat substrate
having a given Anitial temsion.

The curing of adhesives used in the assembly of the substrate and frame
requires exposure to various temperature cycles that would result in
incompatible expansions. The loads and the thermal expansion in the
substrate can be controlled separately if the longitudinal expansion of
the edge loading bars can be independently maintained. The ideal thermal-
load program will maintain an isotropic state of stress and strain in

the substrate.

The procedure for installing the tape is described below. The substrate
must be stretched and bonded at the node points and to the aluminum
loading bars (Figure 2-19), The 'green" tape is stretched at a low

load across the aluminum load bars spaced by alignment pins, the grid

is flattened with a vacuum bag slightly tensioned to straighten the
fibers, and the nodes are bonded at 350°F.

After the grid is bonded at the nodes as well as to the aluminum load
bars, the next process is, nominally, as follows:

Step 1---Apply membrane load of 12 pounds per inch to aluminum load bars
and heat these bars (strip heating) to 225°F. Apply no heat or pressure
to beryllium or substrate. The aluminum load bars elongate the same as
the substrate during this operation. The substrate should be fabricated
undersize to have proper alignment at room temperature and the design
pre—tension.

Step 2---Heat substrate and beryllium frame to 250°F and simultaneously
increase membrane load to 17.2 pounds per inch and, by strip heating,
increase temperature of aluminum bar to approximately 320°F. During
this step, the nominal relative position of the fiberglass substrate
and beryllium does not change., The aluminum bar elongates at the same
rate as the substrate.
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Step 3---Apply pressure and bond.

Step 4---Cool down beryllium frame and substrate.
Step 6---Cool aluminum and unloaded tape.

Figure 2-20 shows the temperature-load versus time.

The procedure described above is an ideal program for isotropic pre-
tensioning. However, there are some practical difficulties in executing
the steps. 1In particular, the strip heating of the aluminum bars is
difficult to control. If the temperature of the aluminum bars were less
than 250°F, a gap would exist in the bars in the corners (Figure 2-20),
which in turn would result in lower loadings in the longer tapes and
higher loadings in the shorter tapes. A practical method of controlling
the temperature in the aluminum bars is to observe for this gap and adjust
temperature until gap disappears. Preliminary analyses have indicated
that such a situation may be tolerable. The present opinion is that some
local reduction (or increase) in the membrane load will not be serious

so long as the average 1oad1ng of 17.2 pounds per inch is maintained at
maximum temperature.

Basic processing and tooling requirements are listed below:

1) A stretch frame (see Figure 2-21) capable of carrying substrate
tension loads of up to 20 pounds per inch is used to restrain fixed
links on two sides and air cylinders on two sides attached to ser-
rated aluminum tension bars. Tape locator pins on these bars are
set to a shrink scale which allows for the growth of the tapes when
tensioned for bonding into the subpanel. Electric strip heaters are
attached to the tension bars to lengthen them to suit the various
conditions of substrate temperatures and tension., The critical
node spacing of the substrate tapes and the relationship of these
locations to the beryllium frame are controlled by the length of
the tension bars and their position relative to the platen or jig
base. The links along one side and one end, between the tension
bars and the frame, are adjustable, and a fixed relationship is
maintained on the same 31de and end between the frame and the jig.
base,

2) A steel jig base is required that has a good finish with no holes or
crevices, is vacuum tight, can be heated to 350° by electric blanket
under the base, and is at least 4 inches larger in overall dimensions
than the beryllium subpanel frame. Temperature must be controllable
to +10°F over the entire jig base. The surface must be covered with
FEP film, held flat.

3) After tapes are located, gripped, and the 3/4-pound tension applied,
they are restraightened., The two tape layers are separated slightly
with a pneumatic tube around the edges and allowed to realign and
then come back together on the platen. The wvacuum bag is applied
and sealed through the tapes to the periphery of the platen (see
Figure 2-22),
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4) Heat is applied to the platen, and additional heat applied to the
tension bars to match the tape expansion, as platen temperature
increases to 350°, following the chart shown in Figure 2-23 and
cure cycle completed.

Before removing the substrate, it is stretched to 12 pounds per
inch by applying heat and pressure to the tension bars as shown in
Figure 2-24, and the node locations are checked against the drawing.
The tension bars along the fixed sides are adjusted to bring the
node points into exact position to suit the frame locators and the
tiedown cable locations on the jig base.

5) The substrate and tension bars are then picked up on a strongback,
maintaining only slight tension, and stored in an upright position
on the wall adjoining the fixture.

2.4 TEMPERATURE DISTRIBUTION AND THERMAL CONTROL

2.4.1 MATHEMATICAL APPROACH TO THERMAL ANALYSIS

Use of finite difference equations 4is preferrned in formulating the
thermal analysis.

”3 A numerical method of solving the partial differential equations of heat
flow has been used throughout the LASA thermal analysis. The physical
problem is broken into a finite-difference network of elements repre~
sented by nodes located at their centroids, such as Nodes i and j in
Figure 2-25, Corresponding to each time interval, a set of heat balance
equations in the finite-difference form may be conveniently written, one
for each node. The general equation for Node i can be written as:

For transient heat transfer:
m (C V),
+
EK..(T. - T.)m +Z¢A.F..(T.4 - T.4) +5s, = —P—-——-l(T.m Lo, m)
3 ij\j i ] iTij\3 i S & At i i

For steady-state heat traasfer:
' m
EK..(T. - T.)m +20'A.F.,(T.4 - T.4) +81i=0
3 ij\’] i, ] iTij\’j i

where subscript j refers to any other node of the nodal network having
heat transfer with Node i by conduction and/or radiation, and superscripts
(m+1l) and m refer to time step numbers-——(m+l) is one time step later
than m,

Conductance between Nodes i and j;

<
=3
-
-3
]

Temperature at Node i, Node j;
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0 = Stefan-Boltzmann constant;

Ai = Surface area of Node i;
Fij = Radiative interchange factor, including reflection;
Si = Heat sources at i, including solar heat absorbed at i,

direct and/or reflected; heat generated by an electric
bus; power drawn from the solar cells;

C_ = Specific heat;
p = Density;

\

Volume.

The set of heat balance equations to each successive time interval can

be solved by an iterative process using a high-speed digital computer,

if the inputs of thermal properties, radiation view factors, heat sources,
and initial temperatures are prescribed.

The solutions of the above equations are readily obtained with the Boeing
thermal analyzer program (Reference 8, Section 11,3) for which the 1108
Digital Computer is used. This computer has been used extensively in
thermal analysis work on many Boeing projects (such as X-20 and Lunar
Orbiter), and the program has been used for the LASA thermal analysis
because of its availability and efficient operation. With this program,
it was possible to include the inputs of thermal properties as functions
of temperature and to easily obtain problem solutions, both steady state
and transient.

A sufficient accuracy may be obtained by proper idealization of the
problem setup. The proper idealization includes the proper fineness

of time~and-space meshing of the problem nodal network and the appro-
priate boundary conditions., In the LASA thermal analysis these factors
were weighed from past experience. Solutions of the LASA problems are
considered sufficiently accurate so long as the inputs of assumed ther-
mal properties are correct or sufficiently close to the actual material
thermal properties.

Figure 2-25 is presented as an example of a two-dimensional nodal network
for the LASA deployed outboard spar thermal analysis, The spar and the
adjacent solar cells are subdivided into many elements represented by
nodes at their centroids, as indicated. The modes of heat transfer con-
sidered in the steady-state heat flow analysis include:

1) Solar flux to the sun-facing nodes, S,. Calculated inputs are
values of Si = agA4S, where ag = solar absorptance and S = solar
flux.

2) Radiation from all surface nodes to space, cAjFj-space Ti4. Calcu-

lated inputs are values of cAjFi-space., Fi-space is the view factor
of node i with respect to deep space.
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3) Radiant interchange between nodes seeing each other, cAiFij(Tj4 - Ti4).
Calculated inputs are values of oAjFjq.

4) Conductions between adjacent nodes, Kij(Tj - T3). Calculated inputs
are values of Xj§ = kAij/Iij, where k = conductivity, Ajj = cross-
sectional area across which heat flows between node i and node j,
and Iij = length of conduction path between nodes i and j.

The 1108 digital computer solution for this sample steady-state problem «
entailed little machine time. The printouts included resulting tempera-
tures of all nodes coded for solution.

2.4.2 CONTROL OF ARRAY STRUCTURAL TEMPERATURES

The array sthuctural temperatures were adequately controlled thrnough the
use of a passive system and the proper control sysitem,

Thermal analysis of the original baseline configuration revealed extreme
temperatures of the stowed array: 335°F (maximum) and -230°F (minimum)
at the end of a 3-hour stowed period and 280°F (maximum) and -98°F
(minimum) at the end of the 20 minutes following shroud ejection. The
configuration considered laminar X-500 coating only on the dark side of
each panel. These temperatures were compared against the limits of
167°F (75°C) maximum and -~148°F (-100°C) minimum as specified in JPL
Specification GNP-50505-FNC-B for the deployed configuration. The ex-
treme high temperatures were not considered acceptable because they
exceeded the thermal capability of common adhesives (such as BMS 5-29)
to be used in the array design.

R

The use of a passive system and the proper control coating on the solar
array to reduce the extreme high temperatures has been investigated.
The study showed large temperature reduction of the stowed array was
possible through the combined use of a 3-mil B-1060 white paint and
aluminized mylar solar shades. The white paint was to be applied over
all exposed areas of the stowed array except in Subpanels 4B and 2B,
where the front surfaces of solar cells were exposed and should not be
coated. These uncoated areas were to be protected with roll-up solar
shades. (The roll-up concept assumes that each shade can be rolled up
after the stowed period and immediately following the deployment of the
subpanel where the shade is installed.) From the above thermal control
system, the stowed-array extreme temperatures were predicted to be:
116°F (maximum) and -255°F (minimum) at the end of a 3-hour stowed
period, 92°F (maximum) and -98°F (minimum) at the end of 20 minutes
following shroud ejection. The predicted temperatures were based on
the following assumed thermal properties.
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0.5-mil Aluminized Mylar

Aluminized Nonaluminized
3-mil B-1060 . Side Side
Solar Absorptance 0.235 0.12 0.17
Emittance 0.85 ) 0.03 0.63

Tests on B-1060 revealed difficulty in applying thin coatings because of
the low resin content of the paint. It was concluded that B-1060 should
not be used for the array; instead, a similar compound, B-1060A, 3 mils
thick, with increased resin content could be satisfactorily used. The
B~1060A has a higher ratio of solar absorptance to emittance: 0.29:0.89
for a 3-mil thickness. Its use will, therefore, result in a higher maxi-
mum temperature, approximately 150°F at the end of a 3-hour stowed period,
and 115°F after shroud ejection. Figure 2-26 presents the thermal char-
acteristics of B-1060A and the thermal coverage plan.

Tests on RTV-40 indicate its feasibility as a thermal control coating
on the dark-side surfaces of the deployed array, excluding those sur-
faces that become exposed in the stowed condition. A 2-mil thickness
of RTV-40 will be used to replace the Laminar X-500 originally proposed
for the baseline configuration., Besides its compatibility with the
adhesives used in the array, RTV-40 has an emittance value of 0.875
{(comparable to that of Laminar X-500) and a solar absorptance value of
0.375 (compared with 0.95 for Laminar X-500). The use of RTV-40, with
the added advantage of a lower solar absorptance to emittance ratio,
will ensure that the Sun-facing array subpanel surfaces in the deploying
condition will stay cooler and within the 1limiting temperature of

167°F (75°C). ‘

In summary, the array maximum structural temperatures were considered

to be adequately controlled through the combined use of B-1060A, RTV-40,
and the roll-up solar shades of aluminized mylar described above. The
allowable maximum temperature of 167°F (75°C) would not be exceeded for
the array either in the stowed or deploying condition. The maximum tem-
perature of the deployed array was predicted to be far below 167°F.

Two temperature conditions worthy of attention are:

1) Thermal shock rates of solar cells in the deployed array are pre-
dicted to be much greater than 54°F (30°C) per minute. The rate
of temperature rise from initial temperature of -148°F is 140°F for
the first minute, and the rate averages 53°F per minute for the
first 5 minutes from -148°F to 115°F.

2) Solar cells in the deployed array are predicted to experience tem-

peratures lower than -148°F (-100°C) if the array is shadowed by a
planet for longer than 6.5 minutes.
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2.4.3 TEMPERATURES IN SCS-43

Temperatures measured in SCS-43 provided useful comparison with those
predicted.

The temperatures measured in SCS-43 thermal vacuum test were much higher
than predicted temperatures for the LASA deployed configuration. For
steady-state simulated solar heating of the test panel, outboard spar
temperatures 120° to 170°F, intercostal temperatures 115° to 160°F, and
solar cell temperatures 145° to 170°F were measured at various locations
of the test panel. These values are high compared with previously pre=
dicted design values of approximately 80°, 100°, and 120°F for the out-
board spar, intercostal, and solar cell, The test results were expected
to be on the high side, primarily because of a shroud fixture that served
as a shield for the IR lamps and prevented them from seeing the test
panel portion that was subjected to simulated solar heating. During

the test, the shroud became heated by the IR lamps, maintained radiant
heat interchange with the panel, and reduced the radiation view factor
between the panel and the cold test chamber wall, If the shroud had
been actively cooled to maintain a temperature as low and constant as
that of the chamber wall (-320°F), the test would have undoubtedly
resulted in much lower overall temperatures.

The test results indicated small local thermal gradients in the test
panel structure. Maximum thermal gradients for the one-Sun simulated
heating resulted in approximately 30°F in the outboard spar and 10°F in
one intercostal. These were compared with the calculated values of 10
to 20°F.

The test results provided a good correlation with predicted temperature
response rates or thermal shock rates of the solar cells in the case of
exposure to solar heating after emergence from the shadow. Figure 2-27
presents time~temperature plots of the solar cells based on test values,
as shown in solid lines, for two representative locations in the test
panel, Predicted values from the first quarterly report, replotted here
for comparison, are shown as dotted lines, The slopes of the test and
predicted curves indicated good agreement for the initial 2 minutes of
solar heating and disclosed thermal shock rates as high as 140°F for the
first minute. (Beyond this time, comparison is less meaningful: the
effect of the heated shroud fixture on the test panel temperatures would
be appreciable, as mentioned previously.)

Good agreement was also noted between test and predicted temperature
response rates in an intercostal member when the panel at initially low
temperatures was subjected to sudden one-Sun simulated solar heating.
The temperature rise (Figure 2-28) was on the order of 50°F for the
first minute of heating.
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2.5 STRESS-DEFORMATION ANALYSIS

2.5.1 STRUCTURAL ANALYSIS OF SUBPANEL 1

Severnal (terations of stress analysis of Subpanel 1 were requinred to
account forn desdign developments and revisions in Loads.

The changes in the tiedown and shear tie system made it possible to
reduce the loads at the tiedown fitting interface with Subpanel 1 and
to reduce the lateral spar moment. Also, as a result of shifting the
locations of two intermediate tiedowns and shear ties to align with
existing intercostal stations, the internal load distribution for the
outer and center spars changed. 1In spite of these changes, Subpanel 1
is still required to transmit all of the in-plane loads to the space-
craft hinges and to react a large portion of the out-of-plane panel
inertia loads at Station 123.7 through the forward tiedown fittings.

The center hinge internal loads were defined in detail to allow for

better design and test definition. Figure 2-29 shows a summary of the
center hinge fitting loads. The loads shown are joint-ultimate loads
based on a limit load of 1.5-g lateral sinusoidal vibration input and
two safety factors: (1) ultimate factor, 1.25; and (2) fitting factor,
1.15. The 20,000-pound thrust load represents 457 of the total shear
load transmitted to the spacecraft. Thus the center hinges for the
two in-plane panel assemblies carry 907 of the total shear load, and
the remaining 10% is carried by the hinges on the out-of-plane panel
assemblies. The outer spacecraft hinges are not considered to carry
any of the lateral thrust loads, because they will have positive clear-
ance in that direction with respect to the spacecraft. For the center
hinge load analysis, it has been assumed that the spacecraft is trans-

lationally rigid (at Points a and b in Figure 2-29; this rigidity results

in 307 of the moment produced by the eccentricity of the lower edge
member neutral axis to the bolt axis being carried into Subpanel 1, and
the remainder being carried into the spacecraft.

Figure 2-30 shows another sampling of the internal loads at a critical
joint in Subpanel 1. The forward tiedown fitting at Station 123.7 is
an important structural joint because it ties together the diagonal
brace, outer spar, lateral spar, and tiedown fitting. The significance
of this joint is that it serves as a focal point of three reactions:
(1) it transmits loads from the out-of-plane panel assembly through the
tiedown corner fitting (4,600 pounds); (2) it transfers the shears from
the outboard panels into MTA-1 (3,700 pounds); and (3) it reacts the
tiedown normal loads to the panel (4,100 pounds and 4,400 pounds). The
joint loads shown in Figure 2-30 are joint-ultimate loads and include
the effects both of vibration and of tiedown preloads.
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A summary of typical stress analysis results for Subpanel 1 is presented
in Table 2-5. Subpanel 1 stress analysis was performed with the latest
internal loads, which represent the final set of internal loads for
_Phase I. The effects of vibration, substrate preload, tiedown system
preloads, and temperature were accounted for in the stress analysis.
With the exception of the intercostals and the center spar, the critical
vibration direction for all members and joints in Subpanel 1 is wvibration-
parallel to the plane of the panel containing the members (the in-plane
panel). For the center spar and intercostals the critical vibration is
normal to the plane of the panel (that is, out-of-plane). Three general
types of areas were analyzed: the basic beryllium members, the titanium
fittings, and the splices or joint areas that connect the members to the
fittings. »

The beryllium members, such as the outboard spar or a later spar, were
sized with an ultimate factor of safety of 1,25, Four modes of failures
were considered: (1) tension failure in the beryllium; (2) compressive
yield or crippling of the cross section; (3) several member instability
(including beam-column effects where applicable); and (4) adhesive bond
failures due to excessive shear stresses.

Table 2-5: MTA-1 STRESS ANALYSIS SUMMARY-—-BERYLLIUM

Margin of
Member Critical Condition* Safety

-
s -"/]

Outboard spar In-plane panel vibration; +0.00
channel crippling due to
combined axial and bending

loads
Lateral spar In-plane panel vibration; +0.04
(Station 123.7) spar cap tension due to

lateral spar bending

Lower edge In-plane panel vibration; +0.06
member Sun side spar cap crippling
(Station 10.5) due to combined axial and

bending loads

Diagonal In-plane panel vibration; +0.00
brace channel crippling due to

combined axial and bending

loads

*Using ultimate safety factor of 1,25, applied to limit loads obtained
from 1.5-g sine vibration input,
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Once the beryllium channels and spar caps had been sized, the fitting
areas were designed and analyzed to provide a 1.15 factor of strength
over the basic member capability. Because the caps and channels often
are terminated at a fitting, it is necessary to provide both top and
side splice plates (usually beryllium) heavier than the member gages.
Sufficient bond lengths are provided at the splices to develop the full
strength of the splice plate material. 1In general, the titanium fittings
are not highly stressed and are of minimum practical gages, with the
exception of increased land thicknesses at weld locations and at areas
of high stress intensity. The use of titanium for fittings was dictated
by two principal structural requirements: (1) the need for preventing
high local stresses, commonly found in fitting areas, from occurring in
beryllium; (2) the necessity for choosing a material with a coefficient
of thermal expansion as close to the beryllium coefficient of thermal
expansion as possible, to minimize resulting thermal stresses in the
adhesive.

Figure 2-31 shows the essential points associated with stresses due to
differential thermal expansion that will occur in an adhesive joint
involving two dissimilar metals, The shear stresses that exist in the
adhesive are a function of the shear modulus and thickness of the adhe-
sive, the thickness and elastic modulus of the two plate materials, the
coefficient of thermal expansion for each material, the incremental
change in temperature, and finally, to a smaller degree, the length of
the bond. The curves shown in Figure 2-31 compare the adhesive shear

. stress distribution that would occur during boost and at the end of a

7 3~hour postboost thermal soak period if aluminum or titanium were bonded

: to beryllium. The high shear stresses induced by an aluminum-to-
beryilium bonded joint are not acceptable in view of current adhesive
allowables.

2.5.2 STRUCTURAL ANALYSIS OF SUBPANELS 2 THROUGH 5

An integnrated analysdis of Subpanels 2 through 5 was needed to reflect
changes in the Loads analysis and improvements in design.

The changes in the tiedown system, the relocation of two lines of inter-
mediate shear ties, and the addition of a number of shear ties required
that the internal loads and stress analyses applicable for Subpanels
Units 2 through 5 be updated. Table 2-6 shows a typical internal load
distribution that exists in Subpanel Units 2 through 5 for a 1.5-g
lateral sinusoidal vibration input. Subpanel Units 2 through 5 carry
relatively small axial loads and their predominant design load is a
bending moment. However, the Subpanel Unit 2 outer spars, located in
the in-plane panel, share a portion of the axial load from Subpanel 1
as a result of the interaction of the shear ties; Subpanel 5A lateral
spars carry a significant axial load as a result of interfacing with
the tiedown system.

i

2-53



D2-113355-6
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Figure 2-31: STRESSES DUE TO DIFFERENTIAL THERMAL EXPANSION
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TABLE 2-6. OUTER SPAR DISTRIBUTION OF MAXIMUM LOADS
RESULTING FROM N = 1.5~g VIBRATION INPUT

In-Plane Panel Out-of~Plane Panel
Out-of-Plane Out-of-Plane
Axial Load Moment Axial Load Moment
Subpanel (pounds) (inch~pounds) (pounds) (inch-pounds)
2B 1950 2150 220 1230
M 950 410 84 1100
2A 350 142 73 950
3B 120 344 50 860
3M 34 388 26 810
3A 10 400 12 795
4B 4 400 8 790
4M 22 \ 390 8 780
LA 44 380 36 760
58 61 354 70 705
5M 105 280 180 605
5A 240 160 500 330

The stress analyses for Subpanel Units 2 through 5 were performed with
the latest internal loads representing the finalized set of internal
loads for Phase I. Table 2-7 summarizes the results of the stress
analyses performed on these panels. A computer program was formulated
that can solve for the minimum weight section properties in terms of cap
and channel gages required to produce positive margins of safety.

The use of fittings other than shear ties were kept to a minimum in
Subpanels 2 through 5. This was possible in view of the reduced inter-
nal loads environment found in these subpanels as compared to the high
internal loads found in Subpanel 1. In several key areas, such as Sub-
panel 2B and 5A, with relatively large localized loads, titanium fittings
were specified. 1In most cases, the shear ties served to transmit not
only shear loads from subpanel to subpanel but also the normal loads
between subpanels and the concentrated reactions between intersecting
members, where possible (i.e., in lighter loaded areas), beryllium
gussets and clips were used to transfer loads at member joints, particu-
larly at intercostals.
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2.5.3 CHANGES IN DESIGN OF MTA-4 CENTER SPARS

Only the center-spar gages for Subpanels 2 through 5 needed to be nesized;
all othen membens of the LASA design are conservatively designed.

A reanalysis of the internal loads using the final (second) iteration of
the dynamic loads showed that certain design loads used for sizing were
unconservative. To understand this, consider the idealizations used for
the analyses of the dynamic and internal loads, shown in Figures 2-32
and 2-33. Each of these idealizations was designed for the analysis to
be made in one computer run.

Dynamic responses and external loads were obtained by using the idealiza-
tion model shown in Figure 2-32. The spar-shear-tie system of the out-
of-plane panel was represented as a single spar, six rigid shear ties,
and an axial member (note that each individual panel is not represented
in explicit detail; rather, the sum of its effects along with that of
other panels is used to construct an equivalent but simpler element).

The idealization shown in Figure 2-32 was used to calculate the center-
spar internal loads resulting from out-of-plane vibration responses.
Note that only the mobility of the points at Stations 10.1, 123.7, and
169.9 are common to both idealizations. Station 10.1 was considered to
be a simple pinned support, whereas Stations 123.7 and 169.9 were con-
sidered as simple spring supports with no coupling between springs.

It was discovered that the deflections at the spring boundaries of Fig-
ure 2-32 did not agree with those predicted by the second dynamic analysis
based on Figure 2-33. The springs at Stations 123.7 and 169.9 are
coupled, not independent as was originally assumed.

A reanalysis of the internal loads was made on the basis of the stiffness
characteristics of Stations 123.7 and 169.9, taken from the second dynamic
analysis. The results of this analysis indicate that the internal loads
for the center-spar design were found to be unconservative below Station
110. All other structural elements of the LASA design are conservatively
sized.

Figure 2~34 compares the deflected shape of the center spar for the
original loads analysis, as well as the latest dynamic and internal

loads analyses.

The center—spar gages shown in Table 2-8 have been resized. The change
resulted in a weight increase of only 12 pounds.

2-57



D2-113355-6

sson @ GISATYNY OIWYNAG 304 NOILYZITvadl

94D1SGNG BUD|J-JO0=iNQ) == ===
$31] JDAYS ===

silaquaw 92104 _U_X< e

$|D4SODIBIU| ~—m—v— VJ
siodg : _ »
~
7
T _ \\ Pid +
(£°8 DIS) L 4d -1 P
7 >, <
Jodg aa P e \\‘ Yoo
{ 5 5t
P -’
= ”
% - =
(dA]) a1] paYS - A‘
Jaquisyy [pIXY

(L €Z101S) Z 4d

(6°-691 P4S) € 4d:

\
\\\
\
\
AN,

(KluO SH)
|supg 3UD|d=30-4NO

17¢-2 84nbig

_OCUL @CU_LIE_

Z_ |
S
L N ¢ /J/
"///// - |
SN
\\H.W\V Tt ,/./
/"/ M\ Ny /1/1
III“IIIII “
v ;

—9——®

2-58



D2-113355-6

uolpig

SISATYNY SAVO1 TYNYILNI ¥04 NOILYZITvIdl :¢e-g 84nbid
sayoul mm_a 09°6L 68°ZL OL'9L SE'¥L 09°ZL ¢80l Ol'6 G€Z 09'¢ S8€E o0L'z O

| | _ _ | | _ | * | _ |

67691

[AWA4

L efl—F
z' 00t — s

G G5 — |y

1°0l

W@ 4G vy W¥ v

2-59

._. Joupdqng



D2-113355-6

04\

SNOI1031430 ¥¥d S-¥3INID 40 NOSIYVdW0D ‘€~ 84nbid

NOILVLS ¥VdS
iy 144! 001 gq ol

L8PS 1 M

(£96] “AON]) UOHDZI[OSP| SPPOT [PUIDIXT] ey
0L°0
(£961 AInf) uonpzi|pap| sppoT djwpuAQq O= =@

uo14pZ| |PSP] (| 9SPYd) SPROT |PUISIU] §=r= @ . 0z°0

pusba] o
0€°0
67691 RIS £ 4 (stsAouy sty) uo paspg ubisa( | dspYyd)
or'0
06°0
= (2961 A1nr) (1 8sPYd) 09°0
‘x&‘ sisA|ouy spoo d1wpukg
(£961 *AON) (Il @sPYd)
o sisA[puy spooT [ousaiu]
0£°0

08°0

(SIHDNI) NOILD3143a

2-60



D2-113355-6

A|qusssy [supg

/arzoe =
8£0°0 A Z0°0 A W6 .
551°0 0800 g5
689°1 G£0°0 v - 8¢
9Z€'0 GE0°0 0200 4
81Z°0 76970 GE0"0 Z0'0 W2
9rS 0 299°0 050°0 ¥69°0 6Z0°0 gz
@n (rur) ("ut) (“ut) ("u)
Ajquiassy uoyd y do> } do7 4 ‘oN [oupdgns
|ouny Jad uoyd y uBiseaq | aspyd

abupby?d 1ybrop

sjuswalinbay

poo ubisa( mo\:

SAONVHD ¥VdS-JIINID ¥-VIKW

:1g-7 9TqeL

2-61



D2-113355-6

2.5.4 THE BOOST TIEDOWN SYSTEM

The boost tiedown system rnequires a tie at six Locations to stiffen the
panel assembly.

The boost tiedown system (see Figure 2-35) provides a circumferential
method of binding the four solar panels of the array into a semirigid
structure that will withstand the rigors of the launch environment.
Subpanel 1, designed to support 12 subpanels, is supported by the space-
craft with three hinges. The subpanels are tied to Subpanel 1 by a
system of shear tie connections held in place by pre~tensioned cables at
six selected stations. Each solar panel is under a compression force at
12, 15, or 18 points, depending upon its size. The six circumferential
cables working in conjunction with shear members between panels tie all
panel assemblies into a single structural unit.

Pre-tensioned center tie cables maintain the shear teeth in engagement
along the center spar. There are four, five, or six of these ties,
depending upon the panel size. Figure 2-36 shows the center tie fittings
at Station 123.7.

The primary load paths between the four solar panels of the array are at

Staions 123.7 and 169.9. The fittings at the corners between adjacent

panels can carry both in-plane and out—-of-plane loads. The other four

tiedown stations carry out-of-plane loads. ‘3

The boost tiedown system requires machined titanium fittings at primary
tiedown Stations 123.7 and 169.86 and at intermediate tiedown Stations
10.5, 55.46, 100.15, and 147.24 on Subpanel 1 to react the cable preloads
into the subpanel structure. The intermediate tiedown fittings are
located within the outboard spar assemblies on the dark side only. Each
fitting has an integrally machined shear bulkhead to efficiently react the
tiedown cable preloads. Electron-beam (E-B) welding is used to attach

the titanium closeout caps to the machined fittings.

Station 123.7 tiedown fitting is a primary tiedown on Subpanel 1. Inte-
gral machined lugs extend from the dark-side titanium fitting to provide
the load path for tiedown loads into the cutboard spar, lateral spar, and
diagonal brace. A sun-side shear tie fitting has been incorporated

at Station 123.7 to provide structural capability to react compression
loads through the shear ties from the tiedown preload and to react dynamic
shear loads between Subpanels 1 and 2.

2.5.5 STRUCTURAL ANALYSIS OF BOOST TIEDOWN SYSTEM

The boost tiedown system was modified in the thind quarter fo neduce
Anternal Loads and spar weight.

The boost tiedown system serves three functions: (1) a suitable way to E
preload the subpanels so that separation does not occur during boost, ‘
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(2) efficient of transmission of internal loads, and (3) a reliable
release system required for panel deployment.

The structural efficiency of the primary- tiedown system is shown by the
reduction of lateral spar internal loads and weight. Figure 2-37 com~
pares the internal moment and lateral spar weight for two types of tie-
down systems lateral spar corner details. The basic difference between
the two systems lies in the type and manner of fixity provided to each
fitting. In the baseline type of corner detail (Type 1), a single pin
was provided at the intersection of the neutral axis for the two adjacent
Subpanel 1 members, and a full fixity was provided at Section A-A,
representing the interface between the fitting and Subpanel 1. This
structural arrangement resulted in excessive moments at Section A-A

and within the subpanel lateral spars, as a result of the large distance
between the pin and Section A-A. By locating two pins much closer to
the interface Section A-A (as shown for Type 2), it was possible to
reduce significantly the moments at the fitting-to-spur interface and
throughout the lateral spar system. The net weight savings due to this
reduction in internal loads is 10 pounds per array.

Figure 2-35 shows internal load characteristics of the new tiedown

system. In particular, the loads are for a 1l.5-g lateral sinusoidal

vibration input. P,-loads are the maximum normal loads that act between

subpanels. The V, loads are the maximum shear loads that act at the

shear ties along the axis of the outer and center spars; the Vi loads

are the maximum shear loads that act at the shear ties, which are .
oriented along the axis of the lateral spars. A typical distribution of >
the tiedown cable loads and pin reactions is shown at Section D-D for o
the new corner fitting at Station 123.7. One of the -cable loads is shown

acting in compression; however, because these loads are representative of

only the alternating vibration-load component, they will be prevented

from going into compression by a sufficient preload.

The preload requirements for the modified tiedown system have been
established, and are identified in Figure 2-38. The requirements are
established by ensuring that no cable goes into compression during
vibration; that all shear ties have a positive clamp-up load during
vibration; and that excessive deformation does not cause the release
system to function accidentally during boost vibration. Once these
requirements have been established, a safety factor of 1.25 is applied
to the preload value that will just meet the requirements stated above.
This new value is then defined as the limit-load condition for the
preload component.

%
ot
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—--— A-A
EXISTING TIEDOWN SYSTEM BASELINE-TYPE TIEDOWN STYSTEM
LATERAL SPAR CORNER DETAIL LATERAL SPAR CORNER DETAIL
TYPE 2 TYPE 1
Type Of Baseline-Type | Existing Type

Ratio Of
Tiedown Tiedown Of Tiedown atto _

Parameter Type @ Type @ @/ @

Maximum Moment At Fitting

To Subpanel 1 Interface 16000 4000 4.0
(A-A) In-Lbs

Maximum Lateral Spar
Moments (Total For
Subpanel Unit) In-Lbs

Subpanel 1 11800 5900 2.0
Subpanel 3 7350 6500 1.1
Subpanel 4 7200 6500 1.1
Subpanel 5 6800 8300 0.8

LATERAL SPAR WEIGHT DIFFERENCE PER ARRAY DUE TO
HIGHER LOADS IN TYPE(1) TIEDOWN IS 10 LBS.

Figure 2-37: COMPARISON OF TIEDOWN SYSTEM
STRUCTURAL EFFICIENCY

2-67



D2-113355-6

Z—P (Center Spar)
————— L s e e —é

v

I : P (Outer Spar) ’

8 :: g /(Typical)
- — d Im\l .

Outer Spar‘ Cable Preload Center Spar Cable Preload

Tiedown Type Of P (Outer Spar) P (Center Spar) B
Station Tiedown (1b) (Ib) R)
10.5 Intermediate 755 _ 1090

55.5 Intermediate 240 280

100.2 Intermediate 288 455

123.7 Main 2240 272

147.2 Intermediate 154 216

169.9 Main 288 11

Figure 2-38: TIEDOWN PRELOAD REQUIREMENTS

gz
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2.5.6 SHEAR TIE DESIGN

The shean teeth and compression pads are nequirned to provide satisfactory
Load paths between subpanels.

The boost tiedown system preloads the stowed subpanels to make them act
as a structural unit during boost. The primary shear transfer members
are the titanium shear tie fittings (including shear teeth and compres-
sion pads) between each of the 13 stowed subpanels. This arrangement
provides shear continuity from outboard Subpanel 5A to inboard Subpanel
1. TFigure 2-39 shows the locations of the shear ties and the number of
shear teeth at each location. The Z shear teeth and X-Z shear teeth
indicate the load direction capability at each location.

An X-Z shear tie joint assembly is shown in Figure 2-40. The titanium
compression pad-angle serves also as a shear clip to transmit shear from
the lateral spar to the outboard spar.

Figure 2-41 shows a typical shear tie assembly cross section. The shear
teeth fittings are machined with a multiple-tooth cutter that provides
minimum additive tolerances in the teeth. The shear teeth and com-
pression pads are machined from 6Al1-4V titanium plate and bonded with
AF~126 epoxy adhesive. The shear tie assembly provides a direct load
path through the stack and minimizes compression loading of the
beryllium spar cross section.

Alignment of the shear teeth during the bonding assembly sequence is a
critical manufacturing operation. Frame subassembly jigs and a con-
trolled manufacturing sequence align the shear tie assemblies during the
bonding operation. The shear teeth are independent fittings that can be
adjusted and shimmed on three axes to match the adjoining subpanel
during the bonding operatiomn.

2.5.7 STRUCTURAL ANALYSIS OF SHEAR TIES
Shearn ties were designed to minimize Local Loads on beryllium spans.

The shear ties transmit shear loads and normal loads through the panel
stack and provide the shear continuity necessary to stiffen the panels.
To satisfy the first requirment, shear ties are located both along the
longitudinal outer and ceter spars and along the lateral spars and edge
members, and are thus capable of resisting multidirectional loads. Fig-
ure 2-42 shows a typical cross section for a shear tie mated to a beryl-
lium spar section and indicates how the beryllium spar is bypassed while
carrying a normal load through the section. The normal loads will be
carried through the titanium feet, thus relieving the beryllium channels
from sustaining high localized bending and crushing stresses. The
location of shear ties throughout the panel assembly was dictated by the
need for sufficient stiffness to meet envelope requirements without
undue increases in structural weight.
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Unit| [Unit| |Unit Unit
#5 #4 #3 #2 No. vZ
1 *Nos. indi‘cate qty of
individ teeth f
PANEL ASSEMBLY — MTA-4 oo 118
‘ Panel No. of Locations No. of Shear Teeth

S @
MTA-1 12 é 32 26
Subpanels :
No. 2 thru 126 54 646 500
No. 5
Total 138 60 678 526

D' Each location includes the Sun side & dark side.

The quantity indicates number of teeth per side of each subpanel
that has mating subpanel teeth.

Figure 2-39.

SHEAR-TIE LOCATIONS
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Lateral Spar
Compression
Pad-Angle (Ti)

Substrate

Outboard Spar

Shear Teeth (Ti)

Shear Teeth (Ti)

Compression Pad (Ti)

Sta 123.7
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Compression Pad (Ti)

SHEAR-TIE FITTINGS AND JOINTS
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|

Shear Tooth

R (Typical)
S YP
B$G f h 1 P/ Top Plate
00
~ 20 4/ Top Plate
M — S L Bondline (A-A)
B Side Plate
- Ll — .
Side Plate
P Bondline
(B-B)
‘‘‘‘‘‘ Foot Plate
e Wi
VT
*n,
ULTIMATE
LOAD
ITEM MATERIAL DESCRIPTION CAPABILITY
(Lb/Sq In.)
Tooth Bearir:lg Stress Ghoverns
. Bearing Load Per Toot =
Shear Teeth 6A1-4V Ti gL R = 1380
(Annealed) R BRG. F(N,S,m, a,f) -?RGI;
Tooth oof
Top Plate L, Determined by Bond
(Bg::é?;c:‘ e Adhesive Slrength Requirement Between |S T = 1950
A-A) BMS 5-51 Top Plate and Gusset ULT
Side Plate Combined Axial and Bending
and 6Al=4V=Ti | Stress Limited by NULT = 2700
Foot Plate (Annealed) | Fey = 126,000 psi
Side Plate
Bonding : =
(Bor; dline é&gesgrgl ‘Bond Length Requirement NULT 2700
B-B
NOMENCLATURE
N  Clamp Load
S Shear Load
m  Number of Teeth
per Tie Figure 2-42: STRESS SUMMARY FOR

0 Ramp Angle
f

Friction Factor

TYPICAL SHEAR-TIE FITTING
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2.5.8 THERMAL DiISTORTION

The themmal distortion of the away in the deployed congiguration is
Lnsignigieant.

Figure 2-43 shows a center spar temperature distribution. The tempera-
tures of Elements 2 and 19 essentially determined the curvature of the
array. The curvature of the center spar is:

I _oAr
R D
Where: o = Coefficient of thermal expansionj
AT = Temperature differential of the extreme fibers;
D = Depth of spar;
L = Length

For AT being constant length and assuming the beam is cantilevered, the
tip deflection and slope are, respectively:

2 .
. _ L%aAT
6 Tip = 2RD _j
. _ LoAT
OTip = ~RD
For the dimensions and temperatures shown in Figure 2-43:
§Tip = 4.45 inches or approximately 1% of span;
O0Tip = 0.60 degrees.
Such deformations are inconsequential.
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3.0 RELEASE AND DEPLOYMENT IN SPACE

This section describes the solar-array deployment system. The time-
history of a solar-panel assembly deploying in space is discussed, and
the loads imposed on the structure and mechanisms by the predicted
space-deployment motions are analyzed.

3.1 DESCRIPTION OF SOLAR-ARRAY TIEDOWN-RELEASE
AND DEPLOYMENT SYSTEM

Deployment of the solar-array congiguration L8 powered by redundant
motons that nelease subpanels fon deployment through sequentiolly
operated mechanical devices.

The solar—array configuration release and deployment mechanisms must,
‘upon command and in proper sequence, extend and lock the array into its
deployed position. The release and deployment mechanisms designed to
satisfy this requirement have three separate functions: release of the
tiedown system, deployment of the main subpanels, and deployment of the
auxiliary subpanels,

. The release of the tiedown for the four solar-panel assemblies is

} accomplished simultaneously by the firing of an ordnance pin-release

d device located at solar panel Station 123,7. This device releases all
tiedowns except the one on the center spar at Station 123.7.

Figure 3-1 shows the release mechanisms at Stations 123.7 and 169.86.
The release of the tiedown structural system is activated by four

primary ordnance pin-release devices that release a mechanical train at
each of the four corners.

Five of the six center-spar tie cables are released mechanically by the
circumferential cable, as shown in Figure 3-2, The individual cables
are pre—tensioned prior before the solar panel is fitted to the space-
craft on the pad. A clamping device keeps the cables taut until it is
released by the circumferential cables.

The sixth center spar tie, also shown in Figure 3-2 and located at
Station 123.7, is pre-tensioned before panel installation. This tie is
released by firing an ordnance-actuated cable cutter simultaneously with
actuation of the deployment motor after all other ties have been released
and circumferential cables have been ejected., The sixth tie prevents
inadvertent partial deployment of the solar subpanel stack during the
coast period and acts as a clamp during boost. The firing of the cable
cutter ordnance and actuation of the deployment motor initiates
deployment.

3-1
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The main subpanel deployment system consists of four deployment motors
located within the spacecraft envelope, as shown in Figure 3-3. The
deployment cables are rigged so that diametrically opposite panels are
driven by two motors operating in parallel. Each motor operates as the
primary drive for the panel assembly mounted adjacent to the motor and,

in addition, each motor serves as the backup drive for the panel assembly
mounted opposite.

The deployment motor (Figure 3-4) includes a globe-type SS subminiature
dc motor, rotating at 7,850 rpm as a prime mover. The winch drum must
rotate at 0.265 rpm to produce the required cable rate of 2 inches per
minute. The required overall transmission ratio is 7,850:0.265

= 29,622:1, This ratio is obtained in two stages:

1 185:1 (approximate)---hermetically sealed harmonic drive and plane-
tary first stage;

2) 160:1-—-harmonic~drive second stage,

The motor drives the input to the first stage, which is a ball planetary-
type wave generator, The output is the circular spline, and the bell-cup
shaped, hermetically sealed flexspline is held rotationally stationary.

As subsequent main subpanels are deployed, the previous auxiliary sub-
panels hinged on the side of the main subpanels are sequentially unlatched
and deployed by torsion springs. The rate of deployment near the latch-
ing position is controlled by a small rotary damper. When the auxiliary
subpanel reaches the deployed position, an overcenter latch snaps into
place, locking the panels in a flat plane.

The direction of deployment of all 13 subpanels is indicated in Figure
3-5.

3.1.1 STRUCTURAL ANALYSIS OF RELEASE MECHANISM

The nelease mechanism was improved by changing grom a simple mechanism
nequiring many ordnance devices to a more sopnisiticated mechanical system
requiring onky a few ordnance devices.

The required number of tiedowns necessitated an increase in the number
of ordnance devices for the earlier and mechanically simple mechanism.
This increase, in turn, decreased operational reliability.

A more sophisticated mechanical system for release was devised that would
require only a few ordnance devices: a chain of mechanical (linkage)
events was considered to be more reliable than a similar chain of
ordnance events,
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There are problems associated with bearing, galling, and sequence of
releases. A stress analysis shows that bearing stresses are rather high
for alodyn coating (that is, more than 20,000 psi). It is possible that
such stresses could cause damage to the coatings and thereby lead to
galling and high friction. These stresses occur during boost, with a
1.5-g dynamic reversing input while the pivots are not rotating. During
the deployment after boost, the pivots must freely rotate. Allowables
for this application are not presently available; however, it is
believed that a conservative estimate of these allowables will result in
an acceptable design.

3.2 TIME-HISTORY

The Large Area Solar Array panel assembly deploys in sequential motions
of the main subpanels and of the auxiliary subpanels with character-
istic motions for each. For the main subpanels these motions are a
transient time-history resulting from the cable flexibility and array
inertia and a transient caused by the locking forces. For the auxiliary
panels, the initial time~history results from an opening spring force,
followed by a locking transient.

The objectives of the deployment analysis are to select the combination
of parameters that will allow controlled deployment with minimized forces
and moments. In a broad sense, this includes the deployment motor speed,
deployment cable stiffness, restraining and opening spring stiffnesses,
and viscous damper values., Detail design of the hinges and locking
mechanisms depend on the selected combinations of opening velocity,

cable stiffness, retarding and deploying springs, and dampers.

3.2.1 TIME-HISTORY MOTIONS

A means o4 retanding panel assembly motion L5 required to prevent
uncontholled deployment.

The time-history motion of each group of panel units rotating about its
hinge is controlled through the major arc of travel by a moment resulting
from tension in the deployment cable., At termination of rotation about
each hinge, a transient oscillation occurs, superposed on an initial
velocity. There are initial conditions to the time-history of motion

of the next sequence of deployment., When the effects of cable flexi-
bility, restraining spring forces, and dampers are examined, these
initial conditions are mneglected.

The time-motion history for three characteristic deployments is shown
by Figure 3-6. 1In A, the inertia of the panel assembly causes more
tension in the cable than required for steady deployment and the panel
velocity increases and overruns the cable velocity to run free until
the sequence terminates, at which time it initiates deployment of the
next sequence. The free-run velocity is twice that for a rigid cable,
consequently, an uncontrolled deployment could result.
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(A)
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Restraining Spring
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Figure 3-6: CHARACTERISTIC DEPLOYMENT TIME HISTORIES
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Controlling the motion is shown in B and C. A characteristic deployment
with a retarding spring is shown in B, A torsional stiffness between
one eighth and one quarter of the cable spring torsion stiffness is
required to prevent overrunning, The velocity at closing can approach
twice the nominal opening speed (shown by the slope of the deployment
curves), and the cable temsion and moment can be large. Use of a
damper instead of a retarding spring results in the deployment history
shown at C. Here the velocity at closing can be close to the nominal
velocity, and the moment at closing is known. A '"biased" retarding
spring, having an initial opening torque followed by a restraining
torque, was also examined. The overshoot tendencies during the first
oscillation were exaggerated, and the approach was discarded.

3.2.2 ANALYSIS OF TIME-HISTORY

Time-history studies have established the proper combinations o4
parameters required for successqul deployment.

The characteristic time-history shapes are shown in Figures 3-7, 3-8

and 3-9. During the initial motion, the cable stretches and imparts a
velocity to the panel set that is equal to nearly twice the nominal
deployment velocity. The cable is then slack for a longer period, dur-
ing which the retarding spring slows and reverses the motion until the
cable is again stretched. The cycle then repeats until the full rotation
of the sequence is reached. The maximum velocity always occurs at the
end of the final cable-tension period. The retarding-spring force is
selected so that the sequence stops shortly after the maximum velocity is
attained. Then possible effects such as friction will tend to reduce
the final velocity, and the cable will be slack at normal termination.
For all sequences, however, the transient loads for design will be
determined by maximum velocity.

Figure 3-7 shows time~history curves at the end of the third quarter for
maximum and minimum expected cable stiffness (117.5 and 40 pounds per
inch) with a retarding spring torque of 4 pounds per inch. The major
difference is in the shorter time periods, during which the stiff cable
accelerates the inertia. As a result, the maximum velocity attained
before closing (0.032 radians per second is reached in a shorter time and
at a smaller angle. The final velocity is then less than that for the
softer cable spring. The effect is similar when the retarding spring
torque is reduced. '

Figure 3-8 shows the effect of the increased deployment angle with the
same stiffnesses, Also shown is the effect of an initial velocity of
0.016 radians per second on the more flexible cable time history. Figure
3-9 shows the complete time-history curves for Sequence 3 for the
stiffest expected cable with two values of the retarding spring. For

the interval just before closing, similar curves for the most flexible
cable have been added., The inset shows an enlargement of this period.
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FIRST SEQUENCE: | =7720 -

K k |6 MAX |BFINAL

— | 117.5 4.0 [0.032 |0.0228
—— | 40.0 4.0 [0.0307]0.0243

----- ==l 40.0 3.2 | 0.031 |0.0286

1.5

1.0

6 RADIAN

0.5

] ] ]
0 50 100

TIME (SECONDS)
Figure 3-7:  SPACE-TIME HISTORY — FIRST SEQUENCE )
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SECOND SEQUENCE: [ = 10.750
K k |6 MAX [OFINAL[RINITIAL
———| 40.0| 4 [0.0293/0.0293] o
--------- 117.5| 4 |0.0314|0.0313] o
—| 40.0| 4 |o0.022 [0.018] 0.016
(6=180°)
3.0 |-
2.0 -
8 RADIAN

] J
100 200 300

TIME (SECONDS)
Figure 3-8:  SPACE-TIME HISTORY — SECOND SEQUENCE
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THIRD SEQUENCE: | = 4500

K k | Omax | BFINAL
w—| 70.4 | 2 | 0.0321 | 0.0321
--------------- 70.4 | 4 | 0.0322 | 0.0322
------- —140.0 | 2 | 0.0306 | 0.0023
—————|40.0 | 4 | 0.0305 | 0.0112

o lZ |

0 100

TIME (SECONDS)

300

Figure 3-9:  SPACE-TIME HISTORY — THIRD SEQUENCE
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The parameters determing the final velocity for the auxiliary panels
are: deployed array torsion mode, auxiliary panel opening spring,
auxiliary panel inertia, and damper characteristics. For the selected
damper, a revised opening spring, and the auxiliary panel inertia
resulting from an increased gap between main and auxiliary panels, a
final velocity of less than 0.15 radians per second is obtained.

The time-history motions for the main panels are calculated with the
assumption that there is no coupling with the transient oscillation
motion. The folded panel sets are considered rigid. The cable stiff-
ness is given an assumed maximum and minimum value, which relates to a
high cable—quadrant friction and to zero cable-quadrant friction.

The differential equation used for solution, developed in Boeing Docu-
ment D2-113355-1, has been expanded to include a viscous damping term,
a velocity squared damping term, an initial cable tension term, and a
constant force. The general form is:

6 + DO + (Kr® + k) 6=Kth+K6°+Z—CDé2

where:

I = Mass moment of inertia about hinge <ih:égl—>
D = Viscous damping term (in.-1b/rad/sec)
K = Cable spring stiffness (1lb-in.)

k = Retarding spring torque (in.-1b/rad)
r = Quadrant radius (inch)

V = Linear cable velocity (in./sec)

t = Time (seconds)

6,= Initial angle (rad)

Z = Constant applied torque‘(in.—lb)
CD = Air-damping term (in.—lb/(rad/sec)z)

A required reduction in the quadrant radii caused an increase of 8.6%
in the nominal opening rate of the panel and a consequent increase in
the closing velocity. For design purposes, a closing velocity of 0.035
radians per second was used for calculation of transient loads.
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The time-history motions for the auxiliary panels assume 2 degrees of
freedom. The first is the first torsion mode of the partially deployed
array; the second is rigid rotation of the auxiliary panel about its
hinge. The solutions show only small motions of the array, indicating

that a good approximation could be obtained with a l-degree-of-freedom
system. :

3.3 TIMPACT OF TRANSIENT LOADS

As a consequence of locking at the end of each sequence, transient
oscillations are superposed on the initial rotational velocity of the
following sequence., For all combinations of units except the fifth
(last subpanel) the motion is described in 3 degrees of freedom, and the
differential equations are solved by digital computer. For the last
opening sequence, the transient oscillation is described in 2 degrees

of freedom, and the equations are solved by Laplace transforms.

The transient forces and oscillations are caused by the requirement that
the rotational veloeity of the continuing units must be reversed by a
force through the hinge connecting to the (stopped) inboard panels. Had
the rotation reversed instantaneously, the force would be infinite. The
magnitude is measured by the time interval during which it builds to
peak value; the shorter the interval, the more severe the peak. Because
the stiffness of the resisting structure is greatest for short spans,
maximum forces can be expected from the initial sequences. The magnitude
of the force is also directly by proportion to the velocity that must be
stopped; for these analyses it is assumed to be equal to twice the
nominal (rigid cable) velocity. This is the maximum if the panels are
allowed to run free,

3.3.1 ANALYSIS OF TRANSIENT LOADS IN MAIN SUBPANELS

TransLent-Load analysis was required to determine Loads and moments fon
mechanism components .

Initial analyses for transient loads used baseline weight and stiffness
values. First iteration structural stiffness and the appropriate weight
data were then incorporated. In addition, improved idealization of .the
physical problem was included and additional panel sequences analyzed.
These had not been previously analyzed because they were expected to be
less critical, The effect of stiffness changes between the first
structural iteration and the final structural iteration was then
examined.

Resonant frequencies of all modes used in the transient loads analyses
were calculated using the final structural iteration data. When com-
pared with frequencies used in the first iteration, insignificant changes
were found. Of greater importance was the increase in closing velocities.
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Design limit loads based on O to 0.032 radians per second, and the
final design limit load values based on 0.035 radians per second, are
shown in Figure 3-10. The final loads incorporate the effect of
increased velocity. As expected, the added analysis for Panels 3 and
4 shows loadings less critical than for Panels 1 and 2. Values for
Sequence 5 are not shown because the initial analysis, which showed it
was not critical, is verified by the analysis trend of Panels 1, 2, 3,
and 4.

The solutions for transient loads assume that values will reach maximum
in the first seconds. Equations derived originally for large angle
motions have been linearized for solution. Because the system geometry
is changing continuously during the 180-degree rotation that precedes
the next transient, a midsequence evaluation is made as described in
Section 3.3.2. Other assumptions used in the idealization are:

(1) the spacecraft attachment of the diagonal strut and main panel
hinges is rigid; (2) panels inboard of the locking hinge bend as beams;
(3) the panel immediately outboard of the locking hinge rotates as a
rigid bar against the locking hinge stiffness; and (4) the following
panel set rotates as a rigid bar about its inboard hinge.

The assumed degrees of freedom vary with the sequence, as described
below:

Sequence 1---Three normal bending modes of Panel 1 as a beam pinned at
the spacecraft hinge and at the diagonal strut, rigid rotation of Panel
1 about the spacecraft hinge against the diagonal strut stiffness, and
rigid rotation of the following panel set about the Panel 1-2 hinge.

Sequence 2---One normal bending mode of Panel 1 pinned at the spacecraft
and the diagonal strut, rigid rotation of Panel 1 about the spacecraft
hinge against the diagonal strut stiffness, rigid rotation of Panel 2
against the locked hinge between Panels 1 and 2, and rigid rotation of
the following panel set around its inboard hinges.

Sequence 3---Three normal bending modes of Panels 1 and 2 as a beam pin-
ned at the spacecraft hinge and deflecting the diagonal strut, rigid
rotation of Panel 3 against the locked hinge between Panels 2 and 3,
rigid rotation of the following panel set around its inboard hinges.

Sequence 4---Three normal bending modes of Panels 1, 2, and 3 as a
beam pinned at the spacecraft hinge and deflecting the diagonal strut,
rigid rotation of Panel 4 against the locked hinge between Panels 3 and
4, and rigid rotation of the following panel set (5, 5A, 5B) around its
inboard hinge.

3.3.2 ESTIMATE OF LOADS AT MIDSEQUENCE POINTS

A conservative analysis of midsequence Loads indicate that they are not
citical to design.
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" SHEAR FORCE * HINGE MOMENT
(ZJ DIAGONAL
S lht?cking Rotating STRUT Locking Panel 1 = 2
(LZ inge F-I Hinge F2 LOAD F I—.hnge I-:linge J
n (Ib) (Ib) S (in.-1b) (in.-Ib)
mw
| a 10.2 177
b 11.2 193
a 16.4 9.2 96 1680 1680
2
b 17.9 10.1 105 1840 1840
a 5.7 4.6 81 585 1710
3
b 6.2 5.1 88.5 640 1870 .
a 3.37 3.3 22.8 715 1240 )
4 R
b 3.68 3.61 24 .9 782 1360

a. Based on 6 =0.032 rad/sec (D2-113355-3)
b. Based on 6 = 0,035 rad/sec (Final design limit load)

Sketch is For Sequence 3

Locking Hinge
:I F, 1 F,
ko_ X\
/ ~/ A
/ ___Rotating
Panel 1 - i

Hinge

Hinge

Figure 3-10: SPACE DEPLOYMENT LOADS
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Evaluation of the loads that occur at midsequence assumes that all of the
kinetic energy in the preceding rotating panel set at the instant of

locking is absorbed by each of three bending modes. The modal frequencies
and generalized inertias are determined for beams pinned at their inboard

end and bending against the diagonal strut stiffness, with a concentrated
mass attached at the outboard end.

The loads were originally determined for a closing velocity of
0 = 0.025 radians per second for comparison, with transient load results
calculated on the same basis. For the final closing velocity of 0.035
radians per second, the values of both the transient and midsequence
loads increase by a factor of 1.40. 1In all cases, the midsequence loads

remain less than those for the initial transient.

The assumption that the total energy is absorbed by edach bending mode is
conservative. Only a part of the energy causes oscillations of the
following panel set and bending of the beam., The remainder causes a
uniform rotary velocity of the panel set. Structural damping reduces
the oscillation energy. Finally, the energy in oscillation that remains
is shared by the bending modes, rather than being absorbed into each
separate mode. '

3.3.3 AUXILIARY PANEL DEPLOYMENT

) Auxiliony subpanel deployment 4s accomplished with a simple drive and
Latch.

The auxiliary subpanels are deployed by an opening spring with an initial
torque of 2.5 inch-pounds and a torque at closing of 1.25 inch-pounds.

A rotary viscous damper is used to control the closing velocity. An
overcenter four-bar linkage locks the panel in the extended position.

The solution for motions is obtained by solution of the differential
equations of a two-degree-of-freedom system by a computer program.

Each auxiliary subpanel is restrained during boost by use of the shear
teeth shown in Figure 3-11., The panels are prevented from premature
deployment by light-duty shear pins located on the outboard athwartship
spar member. The single shear pin per auxiliary panel is withdrawn by
the closing action of the main hinge latches (or the Panel 5 geneva in
the case of 5A and 5B) located immediately outboard of the effected
panels. This action guarantees proper sequencing of the auxiliary
panels.

The spring deployment and latching mechanism is shown in Figure 3-11,
Each of the two deployment springs has an initial torque of 1.25 inch-
pounds for a total torque of 2.50 inch~pounds to deploy each auxiliary
subpanel. During deployment, the latching spring is loaded and supplies
; some of the terminal hinge torque as well as the latching force (see
) Figures 3-12 and 3-13).
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o Figure 3-13: HINGE MOMENT AUXILIARY PANEL DEPLOYMENT
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Initial analysis for both the auxiliary panel and main panel deployment
transients used a minimum number of degrees of freedom selected to derive
a conservative solution. The loads shown in Table 3-1 were determined

by the first five modes of the deployed array at the appropriate state

of deployment. The auxiliary panels were assumed to deploy simultaneously
for each subpanel unit. The latching was assumed to take place
instantaneously,transforming the closing rotary momentum of the auxiliary
panels into oscillations of five-array natural modes. *

Table 3-1: AUXILIARY-PANEL DEPLOYMENT SOLUTION OF TRANSIENTS
(6, = 0.15 radians per second)

Bending Moment

Panel (inch-pounds) Shear
2A 500
3A 400 ‘b
4A 320 Not critical
5A 200

NOTE: Total moment at two auxiliary panel hinges; use this value
for design load on one hinge,

Design Moment = 500 inch-pounds ””j
Design Shear: Not critical '

The closing velocity was selected as 0.15 radians per second, which
corresponds to those values obtained using one rotary damper with a
capacity of 6.0 to 6.5 inch-pounds per radian per second. This is

close to the high-temperature capability of an uncompensated rotary
damper of the type specified. Because the damper is velocity-sensitive,
it can never prevent deployment. Measurement and adjustment of damper
units will be used to pair units for each subpanel set and to match them
to auxiliary panel requirements. The force and deflection values were
taken as the sum of the maximum response values of each mode.

It has been assumed that seizure failure modes are both more likely and
more critical than the inadequate damping failure modes, Seizure could
prevent auxiliary panel deployment and shade both the auxiliary and the
associated main panel, thus causing significant power loss. While
inadequate damping could cause structural damage, it would also be
possible for the array to survive some damage and continue to function,
It has therefore been recommended that dual dampers not be used.

The damping characteristics used in panel design are based on the high-

temperature performance of the damper per Figure 3-14. The dampers are

physically located so that the solar heat will warm units exposed to low-

temperature extremes during the coast period. Cold and sluggish dampers

cannot permanently prevent deployment, and temperature control coatings

will be used to limit the high-temperature environment.In the space- ‘X
pressure environment, O-ring seals prevent loss of damping fluid. o
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3.3.4 STRUCTURAL ANALYSIS OF DEPLOYMENT HINGES, QUADRANTS, AND LATCHES

Structural analysis of the deployment hinges, quadrants, and Latches has

been revised to neflect changes in de/ugn Load analyses, and material
Amprovements .

The important changes and revisions are:
P 1 The deployment cable material was changed from dacron to monel;

2) Hinge moments were increased because of increased deployment
velocities;

3) The hinge fittings has to be integrated with the revised shear tie
fittings;

4) The deployment quadrant radius was changed rom 3.125 to 2.85 inches.

The dimensions of quadrants, hinges, and latches were dictated by the
transient loads for the deployment of the main and auxiliary panels.
The limit-loads applicable to the main and auxiliary panel hinges are
given in Figure 4-2 and Table 3-1, The hinge links were examined for
B column capability, bolt-bearing and shear, and lug-tension failure. The
) hinge plates have been examined for load path to spar members and for
adequate bond strength., The diagonal strut is critical for column load-
ing at deployment. Analysis during the fourth quarter indicated that the
initial strut configuration had to be improved. This was accomplished by
spreading the legs farther apart and with some minor revisions to the
fittings. Margins of safety are given in Table 3-2.

3.3.5 ANALYSIS OF THE DEPLOYED ARRAY

The sthuctural strength and dynamic response of the deployed panel assembly
are satis factony.

The array was analyzed in the deployed condition to show compliance with
the minimum frequency requirement, for response to a continuing square
wave pitch excitation, and for response to steady g loading.

The bending frequency showed an adequate margin over the required 0.04
Hz with hinge stiffnesses between one third to one fourth of their
actual values. The torsion frequency, at 0.192 Hz, was obviously
adequate without a hinge stiffness evaluation. The control system
rectangular wave excitation was nct critical for either bending or
torsion excitation, and the basic structure and critical hinge will

. withstand steady g loads several orders of magnitude greater than those

S required.
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Table 3-2: MINIMUM MARGINS OF SAFETY HINGES, LATCHES,
AND DIAGONAL STRUT

Margins Predicted
of Critical Failure

Component Safety Item Mode Remarks

Main hinge 0.17 Latch Compression

(Panel 1-2) link buckling

Main hinge 0.17 Latch Compression  Same links are used on

(Panels 2, link buckling all main hinges; loads

3, & 4) are reduced on outboard
hinges as noted in
Figure 4-2,

Auxiliary 0.33 Latch Compression

hinge link buckling

(Panel 2)

Auxiliary 0.33 Latch Compression Same hinges are used on

hinge link buckling all panels; loads are

(Panels 3, reduced on ocutboard

4, & 5) hinges as noted in
Table 3-1.

i
Diagonal 0.08 Main Compression
strut strut buckling
member

All components are critical for deployment loads,

The bending and torsion fundamental frequencies with infinite hinge
stiffness were computed. A parallel investigation was made to determine
how finite hinge stiffness affects bending frequency (see Figure 3-15).
Five rigid rotation modes (one at each hinge) and a pinned-pinned bending
mode were used in this analysis. The solutions obtained were for three
sets of hinge stiffnesses for three assumed resonant frequencies of the
infinite hinge beam. For one configuration, two stiffness values for the
diagonal strut were used. The parameters used allowed evaluation near
the critical minimum frequency. Two levels of diagonal strut stiffness
(which bracket the actual stiffness) showed negligible effect on the
fundamental mode. The hinge stiffness levels used were between one
fourth and one third of the calculated hinge stiffness values, based

on deflections of the latching links alone., Additional hinge flexibility
will result from other members of the hinge, local distorsion of the
spars, and some free play.
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Evaluation for the frequency of the infinite-hinge bending mode was
based on a uniform weight distribution from root to tip and a uniform
stiffness.

The torsional frequency determined from the analysis of 0.192 Hz is
sufficiently above the JPL Specification GMP-50505-FNC-B requirement
of 0.04 Hz to justify ignoring the side panel hinge stiffness effect,

Response to the pitch acceleration of the deployed array was evaluated

for a rectangular step function and for a rectangular wave function

having equal positive and negative amplitudes. The duration of the »
rectangular wave was selected to match critically the resonant frequency

of the bending array, and the maximum response was determined for a

resonant magnification (Q) of 30. Solution of the problem with the

step function was obtained with Laplace transforms. The square wave

function was solved as a resonant system excited by the fundamental

Fourier component of the square wave (see Figure 3-16).

The analysis required the inertia coupling term between the rigid
rotation about the vehicle center line and the array bending mode. This
was obtained by numerical integration of the product of lumped masses
times the appropriate node shape products. A similar evaluation was
required in determination of the torsional response to pitch excitation,
For this case, the torsional frequency was sufficiently higher than the
excitation to allow neglect of a ''resonant excitation" analysis, and

the coupling term was calculated in the same digital program from which
the torsional frequency was obtained.

u’\..,, i
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4.0 GROUND RELEASE AND DEPLOYMENT

The panel assembly will be deployed on' the ground to obtain experimental
test data to substantiate the ground-deployment analysis, and, by analogy,
the analysis of the panel-assembly deployment in space. The following
sections describe the effect of ground support equipment (GSE) inertias
on the deployment test data and the approach to test—data analysis.

4.1 EFFECTS OF GROUND-DEPLOYMENT INERTIAS
ON TIME-HISTORY DATA

Ground-deployment inertias modify deployment time-history however, they
have an insignificant effect on the closing velocities selected fon
determining trhansient Loads.

The effect of the initial estimates of GSE weight and inertia on the
shape and final velocities of time histories has been analyzed in the
same manner as for space deployment.

The additional inertia changes the initial motion negligibly. During
the slack-cable portion of the motion, the added kinetic energy causes a
reversal in direction to occur at a later time and larger angle

(Figure 4-1). The retarding spring must be adjusted to accommodate the
range of possible cable stiffness values and the inertia change.

Friction and air—-damping also produce an effect. The design of the
deployment fixture has minimized friction forces. The digital program
issued to calculate time histories for two types of system friction.

The first program allowed a friction moment proportional to the cable
tension. The second program provided for static friction until the cable
tension exceeded a specified level, followed by a "running" friction
proportional to the cable tension, When the panel velocity was reduced
to zero, the static friction was again effective. The maximum velocity
never exceeds twice the nominal for the range of friction parameters
investigated,

Air-damping is estimated by using the drag coefficient of a flat plate
normal to the flow. For the motion of the deploying panels (rotation
about one end), this should result in an overassessment of the air
moments. The effect of Reynolds number for this configuration is not
known., The actual drag effect will be evaluated in the MTA-3 test
during Phase II. The effect of the assumed air-damping is shown in
Figure 4-1 for comparison to the zero-damped deployment test and space-
deployment analysis.

The shapes of the ground deployment curves will change in varying degrees,
depending on the parameters discussed above. The maximum velocity, which
is selected as the closing velocity for determining the transient loads,
varies only slightly from the selected value.
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4.2 EFFECTS OF GROUND-DEPLOYMENT INERTIAS
ON TRANSIENT OSCILLATIONS

gdoqnd—depﬁogmenzt Anertias have an inmsigniglcant impact on the array
esign.

“ The effects of initial estimates of GSE-inertias have been obtained by
using the same equations as used for space-deployment solutions. The
initial velocity condition is considered the same as for space deploy-

. ment; therefore, the results reflect only the effect of the inertia
increase,

In general, the added GSE weight increases the loads. The average
increase is about 20%, with larger increases occurring on the smaller
loads. Most critical is the moment on the hinges between Panels 1 and
2, It is higher by 227 and is the designing moment for the hinge. The
tabulated values for moments, diagonal-strut load, and hinge shear
forces are shown in Figure 4-2,

Refining the design of the GSE moving parts results in an appreciable
reduction in the moment of inertia of each panel about its hinge line
and hinge moments are reduced.

‘) The increase in nominal deployment velocity from GSE inertia causes an
increase in the final deployment velocity to 0.035 radians per second,.
The resulting, increased loads are tabulated in Figure 4-2 as the final
design limit-loads.

Ground-deployment loads are not critical for the array structure., They
dictate only the dimensions of the main panel hinges, whose weight
contribution to the total weight is insignificant.

4.3 DEPLOYMENT TEST ANALYSIS

Data obtained from deployment tests will be used for the MTA-3 and -4
ground~deployment analysis. Once test data have been compared with
those predicted by the deployment analysis, the validity of analytical
parameters will be verified. In Phase III, this technique will be used
to confirm the MTA-4 ground-deployment analysis and, by analogy, the
analysis of panel-assembly deployment in space.

The MTA-3 main-panel deployment test differs from the Phase III MTA-4
test in several important respects. During the envirommental test
program, MTA-4 will experience thermal-vacuum, acoustic, and vibration
conditions that could affect its deployment, The aluminum MTA-3

does not duplicate the stiffness or dynamic characteristics of MTA-4.

In addition, the overhead support lines for MTA-3 are attached to fixed
points rather than to overhead airbearings as in Phase III. Consequently,
transient oscillations of MTA-3 after latching are not representative

of MTA-4, and test data relate only to the time~history motion.

Pt
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MTA-3 inertial properties have been adjusted to match MTA-4, and proto-
type mechanisms are used. With this similarity, the MTA-4 ground-
deployment time-history will be essentially the same as that of MTA-3
with plastic membranes installed. Moreover, MTA-4 space deployment
time~history will be essentially the same as that of MTA-3 with bare
frames.

The adequacy of the measured test data to satisfy the analytical
requirements is shown by: (1) describing the analytical equation used
to conduct the analysis, (2) defining the parameter information required,
and (3) relating the MTA-3 tests to the required information.

4,3,1 ANALYTTICAIL MODEL

Contrnol of deployment motions and Loads depends on an adequate analytical
model.

The magnitudes of the array shear, bending moments, and diagonal~strut
loads depend on the closing velocities of each deployment sequence.
Control of the motion to limit the final velocity at latching is
possible if the analytical model is adequate and parameter values are
known. The analytical model consists of a differential equation that
describes the time-history motion of the deployment. The differential
equation used is the same as that presented in the Phase I final report,
except that an additional friction force has been added:
. . 2 Ay 2
I 6+D G+ XKr“ + k) #=KrVt + H - DV(O)“ - FRP

where:

I = Mass moment of inertia;

D = Viscous damping term;

K = Cable spring linear stiffness}

k = Retarding spring torsional stiffness;

r = Quadrant radius;

V = Linear cable velocity;

t = Time;

H = Constantly applied torque, initial cable tension, or slack;

DV = Air-resistance term;

FRP = Static~friction torque, followed by sliding-friction torque.
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The equation (and the digital programs used for its numerical solution)
allows for initial conditions (angular velocity and cable tension or
slack) and for the dynamic motions caused by the cable spring and the
retarding spring acting on the rotary inertia of the panel sets. Pro-
vision is also made for the damping effects of the panel rotating in

air, for various friction forces, and for viscous damping. The effects
of possible coupling with transient oscillation and the levelness or
smoothness of the tracks are small and are not considered in the equation.

4,3.2 ANALYTICAL PARAMETERS

Prediction of the deployment time-histony forn MTA-4 depends on adequate
knowledge of the important parameterns of analysis.

The primary means of proving deployment capability in space is to show

a good comparison of the predicted and actual response of ground deploy-
ments. This requires that the values of the parameters of analysis be
known.

Figure 4-3 illustrates a typical first-sequence deployment. The nominal
deployment time-history, which would apply if the deployment cable were
rigid, is shown by the sloping straight line. The slope is determined
by the motor velocity and quadrant radius,

Dynamic oscillations occur about the nominal line because of the stiff- )
ness characteristics of the deployment cable and retarding spring, -
in conjunction with the rotary inertia of the panel sets. The effective

cable stiffness will be large if the friction between the cable and the

quadrant locks it to the moving quadrant. It will be smaller if the

friction is small and the cable stretches over its full length. The

initial crossing from tension to slack cable depends on the effective

cable stiffness, The crossing from slack cable to tension depends on the

retarding spring stiffness.

An increase in the rotary moment of inertia increases the angle at which
the first crossing occurs and the angle at which the retarding springs
reverse the motion.

At closing, the transfer of momentum causes the following panel set to
have an initial velocity equal to 50% to 90% of the final velocity., The
weight, center of gravity, and rotary moment of inertia of the following
panel set determines the exact value. '

Values for the above parameters are required for space deployment without
friction.
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16+ D6+ (KR? + k) 8= KRVT + H - DV(1Z - FRP
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Figure 4-3:  DEPLOYMENT TIME-HISTORY ANALYTICAL EQUATION
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Figure 4-4 illustrates the effect of an arbitrary, constant friction
torque of 3 inch-pounds and 6 inch-pounds on the shape of the time-
history curve. The energy absorbed by friction reduces the angle
during which the cable is slack, and increases the number of crossings.,

Friction torques in space can be caused by cable tension loads on the

hinge pins and hinge-pin bending due to misalignments. Additional

friction torques can result from GSE-induced hinge loads during ground

deployment. N

Figure 4-5 illustrates a time history, with initial conditions of velocity
and slack cable resulting from the previous sequence, -

4.3.3 MTA-3 TEST REQUIREMENTS

Useful fLests gor verification on modigication of basic parameters have
been degined.

The information needed to perform the MTA-4 time-~history analysis is
available from vendor data and the data resulting from manufacturing
functional checkout, engineering equipment calibration, and MTA-3 mech-
anism and aerodynamic tests. The parameters for which data are required
and the tests by which they are obtained are tabulated in Figure 4-6.

The first category of measured data, the no-load motor speed and the “,>
retarding spring torques, are design parameters. Reduction in the motor

speed will result in a proportionate reduction in all main-panel deploy-

ment loads and an increase in deployment time. The retarding-spring

torque controls the characteristic time-history shape. Vendor qualifica-

tion and calibration measurements will show if design values are met.

No-load motor speed will also be determined during an engineering

calibration test,

A secondary category of measured data will verify expected parameter
values. The motor-load speed, determined from measured values of motor
angle versus time, is expected to vary little from the no-load motor
speed, Track levelness and smoothness have been verified by test.
Before each deployment test, levelness is measured and adjusted, if
necessary. The combined effects of track levelness and smoothness and
structural friction due to manufacturing misaligoments are indicated
during a manufacturing test, which allows each panel set to coast freely
through its full deployment angle. An analytical prediction of initial
(constant) velocity will be determined from an engineering test to cal-
ibrate the closing velocity resulting from suspension-line vertical
angles, and the mechanism tests. '

i’
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Test

® Design Variables
Motor Speed (No Load)

Retarding Springs

® Verification

Motor Speed (Loaded)

Track Levelness
Friction

Initial Velocity

® Experimental
Determination

Cable Slip

Cable Stiffness

Deployment Angle

Cable Tension

Aerodynamic Drag

Figure 4-6:

Vendor Data, Engineering Equipment Calibration

Manufacturing Functional Checkout

MTA-3 Mechanism Tests, Engineering Equipment
Calibration

Development Tests, Manufacturing Functional
Checkout, Engineering Equipment Calibration
Manufacturing Functional Checkout

MTA-=3 Mechanism Tests, Engineering Equipment
Calibration

SCM-l, MTA -3 Mechanism Tests, Engineering
Equipment Calibration

SCM -i

MTA-3 Mechanism Tests, Engineering Equipment
Calibration

MTA-3 Mechanism Tests, Engineering Equipment
Calibration

MTA-3 Mechanism, Aerodynamics Tests

DATA CATEGORIES
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A third category of data is experimentally determined. During small-
component mechanism test SCM-1, static-friction force as it affects
cable-tension and quadrant wrap angle will be measured. During the
MTA-3 mechanism test and engineering checkout of the complete deploy-
ment procedure, measurements of motor speed, deployment angle, and

cable tension will be taken to define actual deployment slip character-
istics. The basic EA properties of the cable will also be determined
during the SCM-1 tests. Aerodynamic drag is determined by comparison of

MTA-3 time~history curves obtained during the mechanism and aerodynamic =
tests,
The GSE deployment equipment has been designed to minimize GSE-caused B

friction forces during deployment and perturbations caused by track
levelness and smoothness, The panel and mechanism manufacturing toler-
ances have been specified to minimize construction misalignments that
cause friction.

Tests will verify whether design values were met, or will define actual

values where a range of values was assumed in the analysis. If measure-

ments fall outside expected values, the measurements and analysis will

define the problem area,

The deployment tests provide data to determine whether the 0.035 radian

per second velocity will be exceeded at any point on the time-history

curve, including at latching. Possible array-mechanism changes that

would be made to adjust the closing velocity are: T
1) Deploying motor-speed reductionj

2) Deploying cable stiffening;

3) Retarding spring rate change;

4) Incorporating an energy-absorbing damper;

5) Providing a ratchet on the hinges to prevent reverse motion;

6) Strengthening the hinge and latch members.

K =
s
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5.0 POWER-SOURCE ANALYSIS

The power-generation system consists of 192, 28-volt modules, and 584,
100-volt modules contained in four panels. The layout of the cells
within a module was chosen to minimize electromagnhetic fields.

With a cell area of 4.31 x 10~3 £t2, and cell spacing of 0.010 by 0.020
inch, 1 square foot will contain 223 N/P front-connected cells. The
total module area for the array is 4,590 square feet, giving an array
generated power of 45.9 kw, based on 10 watts per square foot.

5.1 ELECTRICAL-POWER-SOURCE DESIGN

5.1.1 DEVELOPMENT OF SOLAR-CELL INTERCONNECTOR DESIGN

One interconnector design can be wsed to neplace three parnts with
substantiol tool cost savings.

The primary function of the solar cell interconnectors is to provide
electrical continuity between cells within a module. They also provide
the electrical connection between the module outputs and the power bus
system. The configuration of the solar cell interconnectors is shown
in Figure 5-1.

Four types of solar-cell interconnectors are required for the series-
parallel wiring of the module:

1) Positive termination (Detail III);
2) Group-to-group connection (Detail I);

3) Group~to-group connection at the end of a submodule or string
(Detail IV); '

4) Negative termination (Detail II).

Because the first three types, 1, 2, and 3, are similar, an attempt was
made to integrate their design to eliminate a specific tool for each
part. Therefore, a method was developed to enable these three types of
interconnectors to be made from one basic part, with substantial tool
cost savings. The manufacturing procedure is described below.

The -1 part shown in Figure 5-1 is shear-cut and zee-formed in one com-
bination die. This part is flattened, and the end tab is folded to make
the positive termination. The -2 part for the group-to-group conmnection
was made from the -1 part by cutting off the excess tab. The -3 part is
made from the -1 part by flattening and cutting off the tab. The -4
part, flat and regular in shape, can be made with a straight shear oper-
ation. Close tolerances are required for all parts because of the close
cell spacing.

5-1
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The use of a simple cutting and forming die for three parts requires the
use of a little more material; however, the tool can be constructed with
a removable insert to make the -2 (short) parts without material waste.
A cost estimate will determine the feasibility of the removable insert.

5.1.2 DEVELOPMENT OF SOLDERING PROCESS FOR SOLAR-CELL INTERCONNECTOR
JOINTS

A pulse solderning process has been developed for use on solar-cell
interconnectorn fjoints.

A pulse-soldering process using a Raytheon Weldpower Heat Programmer and
weighted soldering electrode has been developed for use on solar-cell
interconnector joints.

Five concepts were employed that contributed to the development of the
soldering process by improving the soldering characteristics (flow and
filleting) and/or peel strength of the interconnector joint. These were:
(1) using paired solder spots for each joint, (2) flattening the solder
areas on the interconnector to promote solder spot contact, (3) trimming
the interconnector at exact mode points to provide uniform heat transfer
to the underlying solder spot for each solder operation, (4) using a
weighted soldering electrode, and (5) soldering a single joint to
compensate for surface irregularities.

The optimum pulse-heat setting for use in soldering was selected from a
group of five diverse but workable settings on the basis of general
filleting characteristics and a statistical evaluation of peel values

of specimens. The optimum pulse-heat setting for the silver-mesh mate-
rial with the equipment used was determined to be a pulse heat cycle
comprised of a "weld" heat of 617 and a low heat of 20% at 5-kva output.
For the tinned copper material, the equivalent settings were 57 and 807,
respectively, at the same output. The pulse soldering cycle is shown in
Figure 5-2.

)

- Weld Heat
Low Heat = % Weld Heat

o y
|(_ 1/6 sec ._*_ 1/6 sec_*_1/6 sec _,l

Figure 5-2: PULSE SOLDERING CYCLE
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The best flux removal method was a dual solvent treatment using methyl-
ethyl ketone and then ethanol.

The solder material used was Alpha No. 890-226 solder cream. The optimum
composition was determined to be approximately 28% activated rosin flux
plus volatiles and 72% 62Sn-36Pb-2Ag solder powder. The consistency of
the solder cream during periods of extended usage can be measured using

a Precision Scientific Company Penetrometer. Loss of volatiles in the
solder cream can be detected, allowing compensation to be made.

The amount of solder residual on a solar cell after soldering and flux
cleaning was small. TFor a cell with a full width connector attached, the
weight of the solder was found to be about 1.6 milligrams.

5.1.3 DESIGN OF ELECTRICAL TERMINAL BRACKETS WITH SATISFACTORY
ELECTRICAL AND MECHANICAL PROPERTIES

The electrical terminal-bracket design provides adequaie mechanical
support and allows gor panel disassembly.

Terminal brackets are required at all crossover bus terminals. These
brackets have several important functions. First, they provide mechan-
ical support for the electrical junction between the flat bus termination
and the crossover busses, which electrically connect adjacent subpanels.
Second, they provide for easily detachable electrical terminals, which
allows for panel disassembly. Third, they locate the crossover busses
close to the subpanel hinge line to provide the shortest possible cross-
over bus length and minimum twist or bend during deployment.

The design of the terminal bracket must satisfy the following critical
requirements.

1) It must be a good electrical insulator to ensure electrical isola-
tion from structure.

2) It must have good mechanical strength to support the electrical
terminal and crossover bus component during vibration and loading.

3) It must make a strong physical bond with the beryllium frame.

4) The electrical terminals must be detachable.

5) Materials must be space ccmpatible and nonmagnetic. Surface
finishes must be compatible to prevent electrogalvanic reactions
while in a terrestrial atmosphere.

6) Electrical contact should be made directly between the surfaces

involved. The nut and bolt should not be required to provide a
conduction path.

)
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The configuration of the terminal bracket and crossover bus terminal is
shown in Figure 5-3. The selection of fiberglass for the bracket mate-
rial is consistent with design requirements. Besides being light in
weight, fiberglass is a good electrical insulator, mechanically strong,
has good bondability, and is compatible with environment and other mate-
rials. The shape of the bracket is simple, an L-shaped angle. This
makes manufacture easy and provides a large surface for bonding to
structure. The mechanical strength of the bracket is easily controlled
by specifying the number of glass-cloth layups to be used. Bolting the
crossover bus terminals to the bracket provides firm attachment and easy
disassembly. The terminal connection can be disassembled with two
ordinary box or socket wrenches.

One disadvantage of fiberglass is that it does not have the malleability
of some metals, and may tend to crack under the high-compressive loading
of the nut and bolt. However, this condition can easily be overcome by

the inclusion of a metal insert around the attaching bolt in the bracket
where compression could be damaging.

5.1.4 ADVANTAGES OF DIODES FOR POWER-OUTPUT TESTS

Diodes provide the best method of cirncuit isolation forn power-output
Lests.

The decision to use diodes is based on the requirement of circuit isola-—
tion of individual modules for power output measurements. Since the
solar simulators do not have uniform outputs over areas as large as a
subpanel, circuit isolation is required. If nonilluminated and partially
illuminated modules are not isolated from the particular module being
tested, they will act as an external load and meaningful data cannot be
obtained.

An alternate to diodes for circuit isolation would be to leave all
modules unwired from the main bus system. However, all modules would
have to be wired for actual sunlight tests, where the composite module
output is desired. For some test sequences, complete wiring and unwiring
of modules might occur several times. This would be extremely time con-
suming and costly. Diodes, however, provide module isolation for solar-
simulator testing, and also allow composite module output to be measured
during sunlight testing.

The decision to use diodes on flight hardware would be made at some
later date, when mission requirements are more precisely defined.

The diode installation configuration is shown in Figure 5-4. The diode
case is bonded directly to structure to provide a conduction path for
the heat generated in the diode. The diode leads are terminated at the
bus tab and the module interconnector. A test jack is provided for
power—output measurements.
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5.1.5 SUMMARY OF ELECTRIC-POWER DESIGN STUDIES

The electrnic-power system selected provides a Lightweight system with
Low power Loss.

To find a better power bus design, a trade study of busses and electric
wiring was performed. Results of this study produced a concept for flat
busses attached directly to structure. The original design, which used
airplane-type wire, was found to be heavier, more difficult to terminate,
and more vulnerable to physical damage than flat busses. High-purity
aluminum (1100-H14) was selected for the high-current applications, and
electrical-grade copper was selected for low-current use. The largest
aluminum bus is 0.063~inch thick, and copper busses are 0.007-inch thick.
A material search produced a silicone adhesive, RTV-630, for attaching
the busses together and to the structure (Figure 5-5).

The original crossover busses were preformed beryllium—-copper heat
treated to acquire spring-like qualities. The spring resistance pre-
sented variable forces during deployment, and a new design was considered
desirable. Results of the trade study produced a simple crossover that
consists of straight-lay copper wire terminated in airplane-type lugs and
insulated with self-adhesive, glass-fiber tape. Except for the insula-
tion, the crossover bus is similar to welder's cable. These parts have
no spring characteristics and are the same weight as the original cross-
overs. Crossover bus sizes vary from AWG Wire Size 14 to approximately
4. A typical bus is shown in Figure 5-6.

The type of material for the solar-cell interconnector was given a great
deal of comsideration. Plated molybdenum, Invar, and copper have all
been used in spacecraft solar-cell systems, but none have the flexibility
that is required for the semirigid construction employed by LASA. Plated
materials were considered inferior to unplated, due to the variables
encountered in the plating process. A comparison of plated copper versus
pure silver showed small differences in cost and weight, and silver was
selected. The high coefficient of thermal expansion for silver is offset
by the inherent ductility of silver and by the mesh design. The silver
foil is expanded to apprcximately twice its normal area by the mesh
cutting and expanding operation. Foil of 0.002-inch thickness was con-
sidered to be adequate for both mechanical and electrical requirements.
Plated molybdenum mesh was a possible choice until procurement was
initiated. ©No vendor was interested in producing the small amounts
required for Phase I testing. Silver mesh has proven satisfactory.
Details of the silver mesh are shown in Figure 5-7.

Many configurations for the solar-cell interconnector were studied.
Some of the considerations that affected the design were:

iy Accessibility of the rear contact for removal or repair;

2) Adequate cross section for the conduction of electric current;
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3) Multiple use of one part to reduce tooling costs}
4) Maximum physical strength because the part is inherently fragile.

The interconnector design shown in Figure 5-8, with the solder dot
pattern shown in Figure 5-9, substantially meets all requirements.

The dimensions for the subpanel structure, as shown in studies previous
to this contract, were not optimum for solar-cell layout. After many
iterations of solar-cell layouts, the structure was redimensioned to
achieve the following design goals:

1) Eliminate the half modules on two subpanels;

2) Each subpanel contains the maximum usable cell space;
3) Module design has one standard size and shape;

4) Cell layout minimizes electromagnetic fields.

These design goals were achieved and incorporated in MTA-1.

Cell spacing studies were made to determine the effect of cell spacing
on array weight. Small changes in cell spacing have a considerable
affect on weight; however, other factors, mainly structural, limited cell
spacing choices. First, maximum structural envelope dimensions are
defined; second, solar cells that are directly over the intercostal must
be wholly over the intercostal because of possible cell breakage on
launch. When these requirements were satisfied, the choice of cell
spacing was limited. A power-generation summary is shown in Table 5-1.

5.2 ANALYSIS OF ELECTRICAL-POWER-SOURCE PERFORMANCE

5.2.1 POWER REDUCTION FROM RADIATION DEGRADATION

The baseline solar-cell stack assembly consisting of a 3-mil coverglass
and an &-mil cell will have acceptable radiation deghadation charactern-
Astics forn the 350-day reference thafectony.

For missions that do not include Earth orbits, essentially all radiation
damage to cells is from protons emanating from the Sun. Various solar-
cell coverglass shields have been used, such as quartz, sapphire, and
special glasses. The coverglass selected for LASA is Corning Microsheet
Code 0211, 3 mils thick. Because the coverglass does not completely pro-
tect the solar cell from damage, it is necessary to calculate the
expected power decrease from radiation and to add a suitable area of
cells to the array to compensate for the loss.
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A procedure presently accepted for analyzing the effects of radiation on
the efficiency of the solar cells is to convert all radiation to equiva-
lent l-mev electrons, and to use the following assumptions:

1) Protons are the only significant damaging particle in an Earth-to-
Mars trajectory;

2) The fluence of protons emanating from the Sun is inversely propor-
tional to the distance squared.

The degradation constants used in the calculations were obtained from

referenced documents (see Section 11.0). Details of the analysis are
not repeated here. -

Proton fluence depends on sunspot number. The maximum expected is 170;
however, for the coming cycle, sunspot number will probably not exceed
112. Minimum that occurs is approximately 10. Damage has been calcu-
lated for each of these conditions.

Protons (2.8 mev) have a penetration range of 3 mils in quartz. The
coverglasses of interest are Corning Microsheet Code 0211, which has a

greater density than quartz. Results using the 2.8-mev value should be
conservative.

From W.R. Doherty's work, the following values are obtained for the
equivalent l-mev fluence at 1 AU:

Sunspot number = 10 “W)

¢eq = 2.10 x 10ll cm—zyear

Sunspot number = 112
_ 14 =2 -1
¢eq = 3.6 x 107" cm “year
Sunspot number = 170

¢eq =1.32 x 1015 cm—zyear l.

These values do not assume a sharp cutoff of proton penetration at 2.8

mev as is often assumed for thicker coverglasses. Doherty has provided
the above values as the result of a computer analysis made subsequent to
the issuance of the referenced memorandum (see Reference 12, Section 11.0).

Figure 5-10 shows the flight time versus distance from the Sun for the
Earth-Mars trajectory. With this information and the predicted fluence
at 1 AU, the curves of Figure 5-11 may be obtained. Figure 5-11 provides
the integrated fluence of equivalent electrons versus flight time,
assuming an inverse square relationship with distance from the Sun. The
curves of Figure 5-12 have been obtained from laboratory investigations
of the effects of electron radiation on solar-cell efficiency. The
information shown in Figure 5-12, plus that of the equivalent electron

S
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fluence of Figure 5-11, can then be used to obtain the objective results
of power versus flight time for Sunspot Numbers 112 and 170. Power-
output versus flight time is shown in Figure 5-13 of this section.

Data on the radiation degradation characteristics of 8-mil-thick,
l-ohm-cm resistivity cells show less than 87 reduction in power due to
radiation for the coming sunspot cycle with the reference trajectory.

5.2.2 SOLAR-CELL INTERCONNECTOR CONFIGURATION AND RESISTANCE

Mechanical strness on the cell-to-interconnector cell joints and the
electrnical nesistance of the interconnectorns will not adversely agfect
aay pesrgormance.

Two areas of stress in the interconnector can be reasonably well defined:
thermal stresses and loading stresses. The coefficient of thermal expan-
sion of the substrate is 4.8 x 106 in./in./°F. The distance between
cells is nominally 0.020 inch. With a 400°F change, the dimensional
change is 38.4 x 106 inch. This change would have negligible effect on
stresses. The maximum load expected on a substrate tape is 20 pounds.
The modulus of elasticity of the tape is 8.4 x 106 psi. With a 0.003-

by 0.l4-inch tape, the elongation between cells is 0.11 x 10-8 inch.

The tape installation tolerances are considerably larger than 0.1 mil;
therefore, the mechanical loading on the tape does not constrain the ;
connector design. With 0.020 inch between the ends of cells, the dis- ' )
tance between N and P connections is 0.0224 inch. Figure 5-14 shows the
interconnector design. With this design, the distance between series
groups may change by 187 without stressing the interconnector-to-cell
solder joint.

e

A critical parameter in the evaluation of the interconnector was the
determination of interconnector resistance. Specifications require that
the resistance of the interconnector, plus solder, do not exceed 27 of
the cell-series resistance.

Resistance of the interconnector and solder joint was measured, and
results are shown in Table 5-2. The average resistance was 0.0014 ohm
for the interconnector anid joint. This is 0.7%Z of the average cell
resistance shown in Table 5-3. The effect of power-output series
resistance is shown in Figure 5-15. The resistance from the inter-
connector and joint will not significantly affect performance of the
array.

i
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Table 5-2: INTERCONNECTOR AND SOLDER-JOINT RESISTANCE

Uncorrected Resistance Corrected Resistance¥®

Cell Joint (ohm) . (ohm)

118 N 0.001372 0.001320

360 N 0.001636 v 0.001584

361 P 0.001877 0.001825

362 P 0.001998 0.001946 .
363 N 0.001353 0.001301

369 P 0.001563 0.001511

375 N 0.001627 0.001575 .
918 P 0.001903 0.001851

919 N 0.001585 0.001533

920 P 0.002561 0.002509

*Corrected for lead resistance of 0.000052 ohm.

A specified requirement was that the interconnector and joints exhibit
stable physical and electrical characteristics in both space and terres-
trial environments. Three tests were made to ensure that these require-
ments were met.

1) Silver-mesh interconnectors were soldered to the cell in preparation
for evaluation. Subsequent to the soldering operation, each test
article was thermal-cycled between +75 and -100°C for 100 cycles. o
Parameters measured before and after processing were open-circuit )
voltage, short-circuit current, current at the maximum power voltage,
and the series resistance.

2) Cells were illuminated for the short-circuit current, open-circuit
voltage, and current at 0.47 volt, with the Xenon light source at
an dintensity of 100 milliwatts per square centimeter, as determined
by the Heliotek Standard Cell 130. The test cell mounting block
was maintained at 28 +1°C.

3) The cells series resistances were obtained by forward-biasing the
cell, without illumination and at a temperature of 28 +1°C. The
voltage was read at current values in the ranges of 185 to 190 and
210 to 215 milliamperes. The series resistance of the cells was
calculated from the ratio of the difference of the voltages to the
difference of the currents.

Data obtained from tests made before and after processing of cells are
tabulated in Table 5-3. '"Befove" indicates data obtained on the test
article prior to soldering of interconmnector to the cell. "After"
indicates data obtained on the test article after the interconnector
has been soldered to the cell and thermal cycled. Under the heading
"Joint," N indicates the interconnector was soldered to the N electrode,
and P indicates a solder joint to the cell P electrode.

'-V(%‘;f
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The approach to data analysis was to use accepted statistical methods in
determining whether a significant change had occurred in the data before
and after processing. These statistical methods permitted assessment of
the confidence level of the conclusions made. The F-test and the t-test
were used for this purpose. The F~test is a method of determining
whether a significant difference exists between the variances of two
data groups.

s 2
F o= L
o 2

0]

2

where:

2 . . . ,
sy~ is the variance of Data Group 1; 522 is the wvariance of Data
Group 2. Variance is a measure of dispersion of a frequency
distribution.

Calculation and use of variance and standard deviations will not be
additionally defined because they were found in standard texts and the
given references.

The t-test is used to test for the significance of the difference
between two means. This test determines if the difference between the
means may be due to chance, and that the process has not necessarily
made a change in the characteristics of the cellsj or it determines that
the two process averages do differ with any desired degree of certainty.

.

Fo and t, were the values calculated from the data. F and t values were
obtained from R.A. Fisher's, Statistical Methods for Research Workers,
and Snedecor's, Statistical Methods.

B = before processing A = after processing

Short-Circuit Open-Circuit

Current (ma) Voltage (volts)

B A A-B B A A-B
Mean: 98.5 98.8 0.22 0.567 0.563 -0.0035
Std Deviation: 2.25  2.09 1.66 0.0039 0.0044 0.00522
Fo: 1.16 1.24
F: 2.66 2.66
£ 0.48 2.44
t: 2.16 1.16
A-B, Limit of 0.00106 to
Mean, 0.0113

90% Confidence:
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Current at Series
0.47 Volt (ma) Resistance (ohms)
B A A-B B A , B-A

Mean: 89.6 90.3 0.62 0.21 0.22 0.0047
Std Deviation: 1.72  1.59 1.89 0.016 0.015 0.0179
F : 1.17 1.21

o

F: 2.79 2.72

t s 1.13 0.88

o

t: 2.17 2.20
F and t were determined at the 957 level.

As indicated by comparison of the F and t values, no statistically
significant change in either the mean or the variance has occurred in
the short-circuit current, current at maximum power (0.47 volt) and the
series resistance. A statistically significant change has occurred in
the open-circuit voltage. The mean change was a decrease of 0.62%
between the before and after processing measurements. For a confidence
level of 90%, the limits of the mean change are 0.11% and 1.13%. TFrom
this data and analysis, it is clear that a small change has occurred in
the operating characteristics of the cells due to the soldering and
thermal cycling. The open-circuit voltage is the most accurately mea-
sured of the several parameters; that is, the precision of measurement
of open~circuit voltage is better than for the other measurement
parameters. For this reason, the small change has statistical signifi-
cance. Small changes may have also occurred in the maximum power, short-
circuit current, and series resistance. The conclusion is that a small
degradation has occurred in the solder joint due to the thermal cycling.

Test data showed that no significant change had occurred in the operating
characteristics of the cells due to the soldering process. The conclu-
sion is that the small change is caused by thermal cycling reducing the
effectiveness of the solder joint.

The small degradation was observed after 100 thermal cycles between -100
and +75°C. 1In operation on a Mars mission, thermal cycling would be
much less, or nonexistent. Although the change was observed in the open-
circuit voltage, a small change may have occurred in the short-circuit
current or the current at the maximum power point. However, this change
would be extremely small, as indicated by the t and F tests.
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5.2.3 MAGNETIC INTENSITY PRODUCED BY SOLAR-CELIL CURRENTS

Magnetic intensity caused by cwurents in- the solarn cells and intercon-
nectons can be neduced from 200 gamma fo £ess than 1 gamma by using
counternglow of cwuent.

The baseline configuration of modules utilized a conveniently uniferm
arrangement that would have a magnetic intensity exceeding 200 gamma.

The element of first interest in the analysis is the module. A module
is comprised of four strings in series. Each string has 58 groups in
series, and each group has seven cells in parallel. Nominal rating of
each cell is 0.423 volt, 0.10 ampere. Nominal output of a module is
100 volts and 0.7 ampere.

Magnetic effects to be considered are due to currents in the solar cells
and currents in the string~to-string interconnector at the ends of the
module that conduct current between series strings (see Figure 5-16).

Strings
Uniformly Distributed ‘J o
Current in Solar _1 .

Cell Strings \
S

. Bus
String=~to=String

connector Bus
Inter b

I V| I S |

o | T | |
A'“"s‘. \/\/

Figure 5-16: CURRENT DISTRIBUTION IN STRING INTERCONNECTORS
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As shown in Figure 5-16, the current in the string-to-string intercon-
nectors is not uniform, but varies along the width of the string.

Solar cells are considered to be in the-Y-Z plane, with current flowing
in the Z-direction in the strings and Y-direction in the bus at the end
of the string.

B = Magnetic flux density;

NR = Relative permeability = 1;

I = Current in string = 0.7 ampere;

S = Distance from P to plane of current = 1 meter;

b = Width of a string = 7 x 0.8 x 0.0254 = 0.142 meter;
W = Thickness of cell conductor;

L = Length of string = 59 x 0.8 x 0.0254 =

1.23 meters.

Field at edge of a string:

-7 -7
B='/'2x10 NRIy dy=NRIlO 1n32+b2
X b (SZ + y2)1/2 b SZ
-7 -7
2 x 10 N. Is 2 x 10 N. I
B =/ R dy = R tan_lh
y b (s2 + y2)1/2 b )
Field at center of a module from current in cells:
-7
. NR I x 10 iln S2 + b2 i SZ + 4b2
X b 2 2
s s
B = 37.2 gamma
X
B =0.
y

Field at center of module from current in string-to-string
interconnectors:

-7
4NR I x 10 ° bs
1/2

B =
2 r?2 R+
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1/2
_ -7 |1 1,3
Bx = ZNR I x 10 [R2 ] [b + 2]

+ 4b2 R
(_2_+@>(_1__)“2+1_
b R2 R2 + b2 . bR
where: ; -
1/2
2
< - (2 )) -
Bz = 23.5 gamma
BX = 1.0 gamma.

Total magnetic intensity from current in one module:

1/2
B, = (37.22 + 23.5%7"7 = 43.9 gamma.

Magnetic Intensity due to Currents in Subpanel---Several configurations

are possible in arranging the subpanel modules. Figure 5-17 shows the

current flow in the baseline arrangement. In this arrangement, all ;
modules are placed uniformly to the negative and positive terminals of )
each module. The current in each section of string interconnector varies -
from zero to I along the width of each string. The current in all string
connectors flows in the same direction. Adjacent connector currents sum

to a magnitude of I.

The spacing between string interconnectors of adjacent modules is small
compared to module length and width (0.005 meter compared to 1 meter).
Accordingly, it is valid to assume that the spacing between adjacent
interconnectors has a negligible effect on the magnetic field. For

60 modules with four string-to~string interconnections each:

-7 2
B = -20 x 107/ N_ Isb
z R [[32 + 2+ am21? 82 + (a)4t/2

. 2
1s2 + 1.2+ a2 162 + 12) + (62 + opy21t/2 g2

t 2 1 2 1/2]
[s™ + (3L)" + (10b)7]

BZ = 213 gamma
BX = component is < 1 gamma.
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Magnetic Intensity due to Solar-Cell Current---For 10 strings on either
side of the centerline:

-7
2 x 10 1 NR

Bx = b

2 2,2

% + 22902 + 5222502 + 52249 + s2)2(81b2 + s2)

1n
s2(4b? + s 216b% + s22(36b% + 5)2(64b2 + s2)2(100b2 + 82)

B = 50.7 gamma.
X
Total intensity = 1 meter above centerline of Subpanel 4:

B, = 50.7% + 213512 = 219 gamma.
This value is much greater than desired, and other arrangements of

modules can be used that enable nearly zero field to be obtained.

Figure 5-18 shows the direction of current flow in the solar cells and
string interconnections to produce a minimum field.

For a configuration with n-string widths (n/4 modules) on each side of
centerline in one direction, and m-string lengths (module length) on each
side of centerline in the other direction, the magnetic intensity from

)

each string connector is: i}
-7 2 2
B =N_x 10 ST -
an R l:b[s2 + mzL2 + (n—l)zbz]l/2 b[52 + m2L2 + nzbz]l/2
+ (n-1)b

2.2 1/2

(s + w22 [s? + 0212 + (a-1)%?]

+ (_l)n+m
2 + n’t?) [s% + 022 + 2D 12
where:
s = Distance from panel to point of interest;
b = Width of a string;
L = Length of a string.

The magnetic intensity from the solar-cell current in each module is:

_ v,z 2 2,1/2
B=0N_ 10 7L 272 (s +_y ) dydz.
R b 2 2 2.3/2
Y121 (s" +y" + z)
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Figure 5-18

SUBPANEL SHOWING MAGNITUDE AND VARIATIONS OF
CURRENT IN STRING-TO-STRING INTERCONNECTORS

FOR A LOW MAGNETIC INTENSITY
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For equal currents in all modules, the magnetic intensity is <1 gamma
due to the string comnector currents and the current through the solar
cells. (See Figure 5-19 for alternate arrangement of cells and modules
cancelling currents in string-to-string connectors.)

5.2.4 ©POWER LOSSES FROM CELL'INTERCONNECTORS AND FABRICATION

Reduction in power output of the SCS-43 array grom degradation of cells
duning fabrication, nesistance of Linterconnectons, and busses was
negligible.

Prediction of array performance was based on the measurements made on
56 cells at 28 *1°C illuminated at 100 mw/cm2 with the X-200 simulator.
From these data, V-1 curves were synthesized for the calibrated section
of the array. These V-I curves are shown in Figures 5-20 and 5-21.
Maximum power from the 56 cells was calculated to be 2.18 watts, and
maximum power of the average cell was 0.0389 watt. Assuming a linear
increase in power, the average cell has a maximum power output of 0.0545
at 140 mw/cm#, 28°C. The maximum expected power output of the panel was
48.8 watts. The test panel would have less power because of coverglass
reflection and losses in interconnectors, busses, and diodes. From the
synthesized curves, the open-circuit voltage of the calibrated section
was calculated at 4.54 volts for eight groups in series and the short-
circuit current was 0.619 ampere. Using these results, the values for
the complete panel at 28°C and 140 mw/cm? with no degradation would be:
open—-circuit voltage = 36.4 volts, short-circuit current 1.81 amperes,
and maximum power 48.8 watts. To calculate characteristics of the array
at other temperatures, the following temperature coefficients were used,
as obtained, from J. Sandstrom, Jet Propulsion Laboratory.

1) A watts/A°C = -0.40%°C;
2) A open-circuit voltage/A°C = -2.5 mv/°C;
3) A short-circuit current/A°C = 0.0885 ma/°C.

At the maximum power poirt, the current in each module is approximately
0.85 ampere, and the diode voltage drop is nearly 0.75 volt for tempera-
tures between 25 and 100°C. The power losses in the diodes were estimated
to be 1.3 watts. Using Sandstrom's coefficient for power change with
temperature, the power output at 55°C would be: 48.8 (1 - 27 x 0.004) =
43.5 watts. Power loss due to coverglasses was determined previously to
be 2.9%, and the expected maximum power is then 43.5 x 0.971 = 42.3 watts.
This value is further reduced by the series diode losses of 1.3 watts.

The expected maximum power is 40.9 watts at 55°C (140 mw/cm2).

5-34

)

L%(



D2-113355-6

B e

Module

-——

-« HModules

5-35

SHOWING CANCELLATION OF CURRENTS IN STRING-TO-

STRING INTERCONNECTORS

ONGIONGANEGNOUGEGED
IONGanoaANNGADANaOnE
InNGONRGOADGINOGEa0D
IONGANNGINGGEDNnGn
T AT
iINGOnEBanGnRDONGH0D
ALY

e

Figure 5-19: ALTERNATE ARRANGEMENT OF CELLS AND MODULES



D2-113355-6

(100 MW,/ CM? (X-200), 28°C)
GROUPS A-D GROUPS E-H
680 4680
Group C
A Group F\ G

640 640
600%- 4600
560 560
520F 520
430F 4480
440f 440

< el
400F = z 400

= =
360F 5 Z 4360

= o

> 5
320} O 3 4320
280[ 4280
240 1240
200§ -4200
160§ 160
120§ 4120

80% 480
40%- 440
0 | { { | ] 1 41 ] ] 1 1 i U
0 0.1 0.2 0.3 0.4 0.5 0.6 0.6 0.5 0.4 0.3 0.2 0.1 0

VOLTAGE (VOLTS)

VOLTAGE (VOLTS)

Figure 5-20:  SCS-43 SYNTHESIZED GROUP V-| CURVES

5-36




CURRENT (MA)

D2-113355-6

0 s — — o i s o, 1 o oy

280}~
240

200§

160

120}
80

40

/—GROUPS A-H

2.27

2.27
| | ] |

]

i | | |4.54

0.4 0.8 1.2

Figure 5-21:

1.6 2.0 2.4 2.8
VOLTAGE (VOLTS)

3.2

3.6 4.0 4.4 4.8

SCS-43 SYNTHESIZED MODULE V-1 CURVES

5-37



D2-113355-6

The measured values on the 56-cell group at 140 mw/cmz, and an average
temperature of 69.2°C as measured by thermocouples were:

1) Open-circuit voltage, 3.85 volts;

2) Short-circuit current, 0.92 ampere;

3) Maximum power, 2.59 watts.

Correction of the measured values to 55°C gives:
ip) Open—-circuit voltage, 4.1 volts;

2) Short-circuit current, 0.90 ampere;

3) Maximum power, 2.74 watts.

The measured values at 100 mw/cm2 and an average temperature of 58.3°C,
as measured by thermocouples were:

1) Open-circuit voltage, 4.0 volts;

2) Short-circuit current, 0.67 ampere;

3) Maximum power, 1.98 watts.

Correction of these measured values to 55°C gives:
1) Open-circuit voltage, 4.1 volts;

2) Short-circuit current, 0.67 ampere;

3) Maximum power, 2.01 watts.

Values corresponding to the above, synthesized from individual cell
measurements, were:

1) Open-circuit voltage, 4.00 volts;

2) Short-circuit current, 0.636 ampere;

3) Maximum power, 1.94 watts.

Because of the relatively large temperature gradients in the array, the
average temperature is better determined by open-circuit-voltage measure-
ments than by thermocouple measurements. Using this method, an average

temperature of the calibrated section is 55°C when illuminated at
100 mw/cmz. Moreover, using the open-circuit-voltage method of obtaining
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temperature gives a temperature for the calibrated section of 62.5°C
when illuminated with 140 mw/°C. Correction of the data to 55°C gives:

1) Open—-circuit voltage, 4.00 volts}
2) Short~circuit current, 0.92 ampere;

3) Maximum power, 2.67 watts.

Summary of Results on Calibrated Cell Section---All data and calculated
values below referred to 55°C. These results show that the output of the
56~cell section could be predicted within close limits and are useful in
calculating the output of the entire panel.

Open~Circuit Short-Circuit Maximum Power
(volts) (ampere) (watts)
T1lumination
(mw/cm?) Test Calc Test Calc Test Calc
100 4.0 4.0 0.67 0.64 1.98 1.94
140 4.1 4.1 0.90 0.89 2.74 2.72

The actual power output of the array at the test temperature was 40 watts,
maximum, as determined from V-I characteristics during three measurements
with 30 minutes between the first and last measurement. The temperature
across the panel varied from a minimum of 55°C to a maximum of 78.9°C, as
measured by 11 thermocouples. The average temperature change of the panel
during the 30-minute period was 0.33°C. The maximum temperature change
occurred at minimum temperature---this change was a 1.7°C. With the large
temperature gradient across the panel, the ability to calculate a meaning-
ful average temperature from thermocouple values is doubltful. Another

approach is to use the open-circuit voltage value as a measure of average
temperature.

At 28°C, the calculated open-circuit voltage of the panel with no degra-
dation was 36.4 volts. The measured voltage was 30.2 volts. Using the
voltage difference between the 28°C calculated value and the measured
voltage, and the voltage coefficient of -2.5 mv/°C, an average tempera-
ture of 66.7°C is obtained for the panel. The arithmetic mean of the
temperatures measured by thermocouple was 70.0°C. Based on the open-
circuit voltage temperature value, and a power coefficient of -0.4%/°C,
the power output at 55°C, 140 mw/cm?, is 41.9 watts. The power output
of 41.9 watts compares favorably with the power output of 40.9 watts
calculated for no degradation and with no allowances for power losses in
the interconnectors. Thus, it is concluded that the power loss due to
fabrication and interconnectors was insignificant.
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Summary of Test Results (TASC 1)-—-

Open-Circuit Short-Circuit Maximum Power
(volts) “(amperes) (watts)
Temperature
(°C) Test Cale Test Calc Test Calc
66.7 30.2 1.87 40.0
55% 32.1 32.1 1.86 1.84 41.9 40.9

*Test values referred to 55°C, using JPL temperature coefficients.

5.2.5 POWER LOSSES FROM ENVIRONMENTAL TESTING

Envionmental testing had a significant affect on the powern ocutput of the
panel.

After conditioning the test panel in a thermal-vacuum environment and an
acoustic test, the panel was illuminated with the X-200 Solar Simulator,
and power—-output tests were made as for TASC 1, and described in Section
5.2. An intensity and isosolar plot for the solar-simulator beam made
immediately before the test are shown in Figures 5-22 and 5-23.

A typical V-I characteristic curve for this test is shown in Figure 5-24. ; )
At the maximum power point, the output was 38.3 watts. As measured by o
11 thermocouples, the average temperature of the array was 65.3°C. The
temperature from the lowest point on the panel to the highest varied
from 52.2 to 72.8°C. Because of the large gradient, the open-circuit
method of obtaining panel temperature was used. Using a calculated
value of 36.4 volts (based on the analysis discussed in TASC 1), for the
open-circuit voltage at 28°C, a measured value of 30.7 volts, and a
temperature coefficient of -2.5 mv/°C, the panel temperature was calcu-
lated as 63.6°C. This compares favorably with the average thermocouple
temperature of 65.3°C. Using either method of temperature-averaging
gives essentially the same power output at 55°C. The power output of

the panel at 55°C would be 39.7 watts. Before the thermal-vacuum and
acoustic tests, the power output corrected to 55°C was 41.9 watts. The
difference between the two power-output tests was a decrease of 5.3%.

The predicted power output for the panel with no degradation was 40.9
watts. Thus, the power output after thermal-vacuum and acoustic condi-
tioning was 2.97 less than the value predicted by analysis for no
degradation. The short-circuit current at the test temperature was

1.78 amperes, and corrected to 55°C would be 1.77 amperes. The short-
circuit current at 55°C for TASC 1 was 1.86 amperes. The reduction in
short—circuit current between TASC 1 and 2 was 4.8%. This agrees closely
with the change in maximum power computed from the V-I characteristic
curves.
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Temperature profiles for Status Checks 1 and 2 are shown in Figures 5-25
and 5-26. The panel was in the same vertical position for both tests,

and was placed at the same location with respect to the solar simulator
and within the test area. For TASC 1, with an illumination of 140 mw/cmz,
the temperature varied from 56.1°C at the lowest thermocouple on the
panel to 78.9°C at the highest point. Examination of the temperature
gradients indicated that this variation was due to convection. The
temperature variation across the panel in TASC 2, with an illumination

of 140 mw/cm?, was from a low of 52.2°C to a high of 72.8°C. Good
agreement existed between the thermocouple-measured temperatures and the
values calculated from open-circuit voltage measurements. For TASC 2,

the average temperature measured by thermocouple was within 1.7°C of the
value calculated using open—-circuit voltage. During the test, the average
panel temperature measured by thermocouple changed by -1.4°C. Changes in
individual thermocouple temperatures varied from -2.2 to +1.7°C. The
open—circuit voltage did not change an observable amount during this
period. A high-potential test at 400 volts d.c. was made with no
breakdown.

The test panel was subjected to wvibration test, and then retested to
determine electrical characteristics. This test was made with the con-
ditions as for the two previous TASC's. An intensity scan of the X-200
Solar Simulator is shown in Figure 5-27. The panel was illuminated with
140 mw/cm2, as measured with the standard cell, Jet Propulsion Laboratory
BFS 302. A small amount of dust particles were observed on the cells
before the test. It appeared these would not appreciably affect power
output, and the test was made without cleaning or conditioning the panel.
The maximum power output determined from five V-~I curves was 37.2 +0.1
watts at the test temperature. A typical V-I characteristic curve is
shown in Figure 5-28. Temperatures of the cells, as measured by thermo-
couple, ranged from 50.0 to 71.1°C. The average thermocouple temperature
was 63.3°C. During the test period, the average thermocouple temperature
varied from a minimum of 62.9°C to a maximum of 63.6°C. The open-circuit
voltage did not change from 31 wvolts.

As measured by open-circuit voltage, the average temperature of the cells
was 61.8°C. The difference between  the two temperature-~determination
methods was only 1.5°C. A temperature profile of the array during TASC 3
is shown in Figure 5-29. Using the open-circuit-voltage temperature
value, the power output of the panel (referred to 55°C) was 38.2 watts.
The open-circuit voltage (referred to 55°C) was 32.1 volts; short-
circuit current (referred to 55°C) was 1.68 amperes.

High-potential testing at 400-volts d.c. was made with no breakdown.
Following the test to obtain the above data, particles on the solar cells
were brushed from the panel with a soft brush. ©No observable difference
was noted in power output. Electrical-test results are summarized in
Table 5-4.
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Table 5-4: SUMMARY OF ELECTRICAL SCS-43 TEST RESULTS
(140 mw/cn? Using X-200 Solar Simulator)

Panel Temperature (°C) Open-Circuit
Status Average Open-Circuit Voltage (volts)
Check Thermocouple Voltage Method Test 55°C
1 70.6 66.7 30.2 32.1
2 65.3 63.6 30.7 32.1
3 63.3 61.8 31.0 32.1 o
Short-Circuit Current Maximum Power ,
(amperes) (watts) Change in Power
from TASC 1
Test 55°C Test 55°C (%)
1.87 1.86 40.0 41.9 S
1.78 1.77 : 38.3 39.7 5.3
1.69 1.68 37.2 38.2 8.8
Test: Values from V-I characteristic curves at panel test
temperature. R
55°C: Test values (referred to 55°C) using JPL temperature ‘ )
coefficients. b

Summary and Conclusions of TASC's---Power-output tests were made on the
SCS-43 functional-test panel using the X-200 Solar Simulator to illumi-
nate the panel. Tests were made:

1) After completion of fabrication;
2) After the thermal-vacuum and acoustic tests;
3) After the vibration tests.

The complete panel contaired 896 solar cells. A special group of 56
cells was measured before and after installation on the panel.’ From
measurements made before installation, the power output of these cells
after installation was predicted to within 0.02 watt, 0.7%, at 140
mw/cm2. This information was used to predict the power output of the
complete panel. The power output of the panel after fabrication was 2.4%
greater than expected from measurements made on the 56 cells. However,
power output after the thermal-vacuum and acoustic tests was 5.37 less
than before these tests. Following the tests, the panel was subjected

to vibration testing, and power output after vibration testing was 8.8%
less than the initial value before thermal-vacuum testing. The panel
withstood 400-volt, high-potential testing between cells and structure,
with no indication of breakdown or low insulation resistance. During )
the electrical test, the average panel temperature stabilized within 5 .
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minutes to less than 1°C change. Temperature variation across the panel
was approximately 22°C, from minimum to maximum. This variation appeared
to be due to convection heating associated with the vertical mounting of
the panel during testing. Average temperature of the panel, as measured
by thermocouples during the tests, was: TASC 1, 70.6°C; TASC 2, 65.3°C;
TASC 3, 63.3°C. The precision with which the maximum power between
successive measurements was determined for a TASC was approximately 0.25%.
The amount of experience at this time with the X-200 does not justify an
estimated, absolute accuracy of better than *57. However, the precision
of the measurements indicates that the accuracy may be as close as #2%.
Therefore, it is concluded that the power-output decrease of the array

was caused by the effects produced by the environmental-conditioning,
thermal-vacuum, acoustic, and vibration tests.



K'\«,z’»"

D2-113355-6

6.0 MATERIAL PROPERTIES AND PROCESSES

This section presents the process specifications and structural design
allowables established for the LASA program. Because of the brittleness
of the material, special emphasis was placed on the investigation of
beryllium fracture mechanics and the effects of flaws.

6.1 PROCESSES DEVELOPMENT
New combinations of materials and components nequired development and

modification of process specifications for fabrication and assembly o4
LASA. '

Processes and compatible material combinations for bonding of fiberglass
tape, titanium, beryllium, and aluminum to meet LASA requirements were
not available. The process, handling, and fabrication requirements for
the fiberglass tape are new and unique. The rigid coverglass bond-line
thickness required new processing techniques. The particular type of
interconnector had never been soldered to solar cells and bus bars.
Cleaning processes for bonding beryllium also had to be developed.
Processes were needed for:

1 Coverglass bonding;

2) Interconnector fabrication;

3) Interconnector-to-solar—cell soldering;

4)  Fabrication of fiberglass tape substrate;

5) Beryllium machining;

6) Beryllium forming;

7) Structural bonding;

8) Solar cell bonding;

9) Bus bar and diode bonding;

10) Thermal control coating

11) Bus interconnections;

12) Solar cell and interconnector repairs.

Some of these processes were derived from the LASA small components

test program, whereas others were developed from existing Boeing material
specifications. The specifications for these processes are presented in

6-1



D2-113355-6

Boeing Document D2-113354-1, Process Specification, Large Area Solar
Array. In general, the document describes fabrication and assembly
processes in the order needed.

6.2 STRUCTURAL DESIGN ALLOWABLES

]

Allowables had to be estabLished forn glass tape, beryllium tensile
sthength, and certain adhesives. . -

Many, but not all, allowables are available in Boeing Design Document w
DM~5000, which contains material allowables. Some allowables in

DM-5000 were modified and used for LASA. The small component test pro-

grams furnished the data for establishing design values for the allow-

ables for fiberglass tape, beryllium tensile strength, and certain

adhesives. Figures 6-1 through 6-6 represent allowables derived from

the small component test programs of LASA. Figures 6-7 through 6-9

were furnished by Boeing Corporate Technical Staff for materials allow-

ables. (See Figure 6-13 for beryllium tensile allowables selected for

LASA.)

6.3 FRACTURE MECHANICS DEVELOPMENTS

Design tensile strnength and flaw size Limits were established by ‘ >
gracture tests (SCS-5) gon LASA. ,

The allowable tensile stress for beryllium depends on four factors:

(1) the plane-strain fracture toughness coefficient Kyc of the material,
(2) the largest flaw present in the material, (3) the rate of flaw
growth, and (4) the required life of the part measured in load cycles.
The first and third items are properties of the material and must be
determined by test; the second is a function of the inspection to which
the final parts are subjected; the fourth is determined by the environ-
ment. In turn, the fracture coefficient Ky¢ is a function of the
temperature and the rate at which the material is being strained (see
Reference 5, Section 11.32).

Structures fabricated of beryllium alloy (and even the raw material
itself) contain flaws of various kinds and sizes. The lives of these
structures are controlled by the flaw sizes required to cause fracture
at the operating stress levels, the initial flaw sizes, and the sub-
critical flaw growth characteristics of the alloy.

Accurate information on the values of Kyic and its relation to temperature
and strain was not available; the SCS-5 tests were performed to obtain
this information. These tests have been reported and analyzed in

Boeing Document D2-113565-1.
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ULTIMATE STRESS, PSI

D2-113355-6

Solar Cells Bonded to Fiberglass Tape

(XP-251S) With RTV-40 Adhesive

M‘dximum Bondline Thickness: 2 mils
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NOTE:

These allowables are based on LASA test data.

|

Design Allowables
for Large Area
Solar Array Only
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Figure 6-2:
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500

400 +—

300 —

SHEAR STRESS, PSI

200 —

100 |—

| I | |

0 1 2 3 4 5
STRAIN DEFLECTION PER UNIT BONDLINE THICKNESS

Figure 6-3: LAP SHEAR STRESS VERSUS STRAIN FOR RTV 630A
(Based on LASA Test Data)
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USE FOR B=1060A ALSO
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Figure 6-6:

THICKNESS, MILS (Including GE 4044 Prinier)

EMITTANCE VERSUS THICKNESS FOR RTV-40 PAINT
(From LASA Test Data)
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TEST CONDITION: 0.5 HOUR AT TEMPERATURE
STRAIN RATE: 0.003 - 0.007 IN./IN./MIN

Be-2%Be0 (XBMS 7-183)

1 Edge Free —
1 Edge Free 7\
t

¥

F

Powdered Sheet (0. 015 - 0. 100)
Hot Rolled

6-9
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Design Allowables for Large
Area Solar Array Only
110
‘U,.’l
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o
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=
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; 501 Mechanical Properties* ]56,000§Si
O Tensile Strength” - 10° psi
o O Modulus of Elasticity in TensionT 6.7 x _pés: . o
s A 2.10x 10 2 in./in. °F
w920 Coeff. of Thermal Expansion .
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Z 30
Z 30L  *Based on ply thickness of 0.0075 inch T
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w 10 TTemperature range of 70 to 350°F
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® Effect of Temperature on Properties

® Unidirectional Reinforcement Orientation

® Load Direction Parallel with Reinforcement

® Test Condition: 0.5 Hour at Test Temperature
@ Strain Rate = 0.002-0.005 in./in./min.

Figure 6-8:  STATIC MECHANICAL PROPERTIES OF "SCOTCHPLY"
XP-251S PREPREG TAPE
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ULTIMATE LOAD (KIPS/INCH OF WIDTH)

e Estimated ——————t

D2-113355-6
BMS 5-51 type 1 primer (AE126 w/ EC2320 primer)
with type 2, grade 5 film bonded per BAC 5514-551

ALUMINUM-TO-ALUMINUM
(Beryllium-to-Beryllium Equal or Better for LASA)

12

10

Design Allowables for Large
Area Solar Array Only

o
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)

2-Inch Lap
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Figure 6-9:  LAP SHEAR STRENGTH OF BMS 5-51 ADHESIVE
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These tests were conducted on specimens having the initial flaw made by
an electric discharge machine, as shown in Figure 6-11. A crack was
started from this initial flaw by low stress intensity cycling. The
value of K¢ is then computed thus:

KIC = VGF’UV Acr/ch

The technique used for predicting the subcritical cyclic or sustained-
stress flaw growth involves fracture specimen testing and the stress
intensity concept. The time or cycles to failure at a given maximum
gross stress level depends on the magnitude of the initial stress in-
tensity of the flaw tip, Kyj, compared to the critical stress intensity,
Krc. The ratio of the initial-to-critical flaw size is related to the
stress intensity ratio as follows:

2
Kp; ) Ai/Qi

K T A /Q

1C cr cr

The minimum strain rate that beryllium will experience in the LASA is
about 0.2 sec~l. For the low structural temperature extreme of -60°F,
this results in the parameter P = 8 x 103. From seven tests at -60°F
with high stress rates and one at -200°F with a low stress rate, a
minimum Kyc of 11 ksi v/ inch was found (Figure 6-12). This value is
relatively insensitive to further reductions in temperature and/or
increases in strain rate (to 0.9 x 105 sec‘l). At lower strain rates
or higher temperatures, higher values of K¢ could be considered. A
plot of test values of stress intensity ratio, Kyj:Kyc, obtained for a
cyclic stress——-zero-max—zero (tension), 30 Hz, and -60°F-—-is shown
in Figure 6-13. These data indicate that there will be an insignificant
reduction in cyclic life at the 1,800 cycles predicted for LASA.

A revised curve of applied stress versus critical flaw size based on
Ktc = 11 ksi V inch is shown in Figure 6-14. It is apparent that this
Kic will permit the use of a higher design tensile strength than the
previously used Ky¢ of 7.5 and will permit a larger flaw size. A
design tensile strength of 45,000 psi was selected because the loads
are reversible; therefore, no weight reductions can be made by using a
design tensile strength greater than the design compression yield
strength of the material.

Although a flaw size of 0.015 inch may be tolerated at this stress
level, it is still advisable to inspect for as small a flaw as possible
to ensure finding larger flaws. It is difficult to locate and measure
the size of flaws in beryllium. Dye penetrant was used to locate
surface flaws, and eddy currents to determine sizes; eddy currents can
also be used to locate and measure the subsurface flaws. Flaws as
small as 5 mils can be detected.

6-12
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7.0 QUALITY ASSURANCE
7.1 EFFECTIVENESS OF TECHNIQUES FOR DETECTING DEFECTS

Investigation, heginement, and use o4 specific inspection techniques
expedited the quality assurance program.

The design allowables established for this program required that
Quality Control perfect a method to inspect beryllium for internal and
external cracks as small as 5 mils in depth. Therefore, at the start
of Phase I, investigations were started on nondestructive test (NDT)
techniques used by Boeing on other beryllium programs and on methods
used by other companies.

Radiographic techniques were first thought to be the most promising,
and a study program was instituted. Special X-ray techniques are re-
quired for beryllium. Tests included use of a special vault darkroom,
bare film, and inert gas atmospheres. These brief studies indicated
that a comprehensive research program would be required before an
operational technique could be developed, and that continued develop-
ment work would cost much more than budgets allowed.

Ultrasonic techniques were considered, but all methods applicable to
beryllium required the use of a liquid couplant. Liquid couplants are
not compatible with LASA part configurations because of the difficulty
of drying internal part surfaces.

Penetrant inspection techniques were also studied, and in mid-December
1966 a specific penetrant and inspection procedure were adopted to
detect hairline surface cracks. Quality relied on the penetrant method
after mid-December for inspection of defects after the chemical-milling
operation. Although many defects might have been seen without the aid
of the penetrant, there were times when defects would have gone unde-
tected or the full extent of the defect would not have been known with-
out penetrant inspection. On details where the penetrant inspection
indicated a crack, particularly if it were on or in close proximity of
a bend, the detail was routed to the quality assurance laboratory for

a more thorough inspection with eddy current techniques. This afforded
more detail (dincluding accurate dimensions) on the crack, aided engi-
neering in determining part dispositions, and permitted further
development of eddy-current techniques for use in later program phases.

Eddy~current techniques are useful for detecting subsurface defects.
Eddy current has distinguished between a 0.007-inch-deep crack in thin-
gage beryllium and the surrounding surface roughness. The use of
through-transmission (phase-detection) permits detection and measure-
ment of 5-mil cracks.
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Program parts subjected to eddy-current inspection included SCS-50
channels. One surface crack (originally detected by penetrant inspection)
was measured and found to be less than 0.005 inch in its major dimension.
Several minor laminar flaws were also detected, but the channels were
accepted for use. Eddy-current inspection of SCS-43 and -50 had to be
performed on individual parts before bonding operations. (After
assemblies are bonded, adhesive covered areas and shear webs reduce the
total area accessible to inspection.) '

Inspection of the solar cell/coverglass assembly required the measure-~
ment of the bondline thickness. A light-section microscope was success-
fully employed for this purpose.

7.2 CONFIGURATION CONTROL

Initiation, processing, and use of harndware records are systematic and
eﬁﬁéc&eni, and provide a principal part of the congiguration control
package.

The first configuration-data item is the engineering drawing. Control

points were the drawing and part number; lists of materials, notes and

references; revision data; approval signature; and design. The com-

pleteness of quality review of engineering drawings was commensurate

with the category of equipment; either complete or partial surveillance .
was involved. Drawings for complete surveillance items were thoroughly 3
reviewed by Quality Control. Tnspection of designs and line inspection g
requirements were the primary criteria.

The engineering shop support request (ESSR) established the release of
drawings, materials, parts, and man-hours for specific fabrication
activities. Program Quality Assurance reviewed and approved all ESSR's
requiring quality control.

The integrated record system used in LASA consists of two basic forms.
The first is the planned event record, completed by Manufacturing
Planning personnel provides detail and sequential instructions to the
shop concerning the fabrication of LASA hardware. This record refer-
ences and supplements engineering drawings and documentation. Planned
event records were reviewed and approved by Quality Control on all
complete surveillance items before release to the shops or laboratories.
Shop-line inspection and quality control laboratory personnel verify
acceptable completion of planned event instructions on complete sur-
veillance equipment. Quality Control laboratory reports containing
details and results of evaluation tests (e.g., beryllium analysis and
adhesive properties) form a part of the planned events.

The second basis form is the unplanned event record (UER), which makes
up the last part of the configuration control system. These UER's can
be initiated by any personnel aware and informed on a particular non-

conformance during fabrication and assembly. They describe the rework
or design changes required to fabricate acceptable hardware.

7-2
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Processing of the unplanned records entails three basic entries: (1) a
statement of the hardware problem; (2) an engineering '"disposition"
directing that the part be used as is or reworked or scrapped; and

(3) a statement (not always necessary) by the particular shop or lab~
oratory to explain what is being done to avoid recurrence of the
unplanned event.

As of February 15, 1968, over 500 individual part plans had been
reviewed by Quality Control and over 100 unplanned records concerning
solar cells, beryllium, and titanium had been processed. A discussion
of hardware quality trends, summarized from data collected on unplanned
records, is presented in Section 7.4 below.

Line-inspection personnel verified UER nonconformance and corrective
action requested by engineering. Nonconformances can be corrected by
rework to drawings or engineering changes to drawings, etc., or by con-
vening a material review board (MRB). An MRB evaluation results in one
of three dispositions: wuse as is, rework, or scrap. The planned and
unplanned records accompany their corresponding part and serial-
numbered hardware throughout plant processing so that an up-to-date,
on—-the—-spot status of program equipment is available. When assemblies
have been completed, all such records are sent to retention files. 1In
addition, Quality Control compiles a solar array configuration summary
containing actual configuration listings, identifying part numbers,
nomenclature, serial numbers, drawing revision data, and quantity.

Also included are brief statements identifying and explaining non-
conformance deviations and corrective action to which each end-item
part number was subjected. These data packages will be retained for a
maximum of 18 months after completion of Phase III, as stated in the
detailed quality assurance plan.

7.3 DESIGN REVIEWS, LABORATORY CERTIFICATIONS, AND LINE INSPECTIONS

Direct Quality Assurance parnticipation in design reviews, supplier
control, and inplant operations supports program tasks.

As of May 1, 1968, 13 design reviews, 5 specification reviews, 14
laboratory certifications, and 3 supplier surveys have been completed.
Line and receiving inspections are continuous.

Initial surveys have been conducted of companies that supply beryllium
surface conditioning, shear teeth, and motor/cable drums.

Boeing has been represented during processing of beryllium at the
surface conditioning supplier's plant in Phase II.

Boeing service laboratories have submitted reports on LASA material

certifications for substrate tape, adhesives, beryllium, silver mesh,
solder, and several other items. Also, facilities and equipment have
been tested and certified to meet program requirements for processing

7-3
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environments and conditions. Examples of the latter include cleanliness
conditions, chemical ingredients of clean tanks, and conditions of
penetrant inspection operations.

7.4 TIDENTIFICATION OF HARDWARE PROBLEMS

Quality-trhend reporting has highlighted significant problems, enabling
Limely corective action.

Following collection and analysis of data from the unplanned record,
hardware quality trends were plotted and submitted for program manage-
ment review on a periodic basis. Figure 7-1 and Table 7-1 depict solar-
cell/coverglass and beryllium part defects during MTA-1 processing.
Beryllium defects are identified with the particular processes involved,
along with a breakdown of final dispositions in each case.

Solar-cell/coverglass bond voids and delaminations (see Figure 7-1)
were caused by defective tooling and short bondline curing time. Tool-
ing was corrected and curing times were increased to solve this problem.
Broken cell assemblies were mainly the result of improper handling.

New trainees were closely supervised to control this problem. The
silver peel problem was attributed to defective silver coating on solar
cells received at Boeing. Solar-cell operations were suspended for

this reason. Figure 7-1 shows that some 5,400 solar—cell/coverglass
assemblies had been inspected.

The fabrication of MTA-~1 involved the forming, chem-milling, and trim-
ming of 777 beryllium parts and the receipt of 361 pieces of raw
beryllium from vendors.

Table 7-1 summarizes 231 beryllium parts that were rejected by line
inspection. Unplanned records were processed for these parts, and
material reviews conducted. Of the total, 79 parts were dispositioned
"use-as-is'"', 46 parts were used after rework, 103 were returned to
vendors, and 3 were scrapped. The three parts scrapped (actually
removed from fabrication and put in isolated storage) consisted of two
channels approximately 4C inches in length and one flat part of

1- by 0.5-inch area.

Early in Phase 11, cracks, die marks, and straightness and dimension
defects were caused by problems with forming dies. Manufacturing
Development personnel investigaged and corrected alignment, pressure,
and shimming conditions of forming tools to eliminate these defects.
Surface pitting and part-straightness defects were observed after
chemical-milling. Clean etching of parts and better shipping container
packaging techniques decreased the number of defects.
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8.0 PRODUCT ASSURANCE AND RELIABILITY

The following sections discuss failure mode and effects analysis (FMEA),
reliability predictions, product safety, and maintainability, together
with comments on significant program developments.

8.1 FAILURE MODE AND EFFECTS ANALYSIS (FMEA) OF ARRAY

The failure mode and effects analysis of the arnay L8 suitable as an
Anitial baseline forn future glight-anticle analyses.

The complete failure mode and effects analysis, including the collated
FMEA data sheets, appropriate functional diagrams, and a more detailed
description has been published separately as Boeing Document D2-114081-1,
Failure Mode and Effect Analysis, Large Area Solar Array, in which
electrical power, mechanisms, and structural subsystems are treated
separately.

A special thermal effects summary has also been included in D2-114081-1.
This summary deviates from the usual FMEA data sheet format because it
attempts to tabulate the effects of thermal anomalies and to identify
the responsible or cognizant personnel and organization and the relevant
tests and control measures.

The results of the FMEA confirm the lack of critical failure modes with
a serious risk on the electrical power subsystems. The buses and cross-
overs are the obvious critical components both for open and short
circuits; however, risk appears to be negligible.

The mechanism subsystems have many critical failure modes that could
prevent 100% deployment. Jamming, interference, or excessive friction
in the tiedown release or deployment sequence are possible. The FMEA
on the boost tiedown release was not developed to a lower level of
hardware, because the result would be repetitious. Single failure of
any of the center-tie releases or of the corner releases at Statiomns
123.7 or 169.9 would be critical, as would failure of most of the cable
release and linkage system. The deployment subsystem is also critical
as to jamming or seizure failure modes. In summary, the FMEA of the
mechanisms subsystems confirms the critical need for thorough review,
test, quality control, and system checkout to ensure that all of the
critical components of these subsystems are reliable. -

8-1
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8.2 FAILURE MODE AND EFFECTS ANALYSIS (FMEA) OF GSE

to test anticles orn of Lnvalid test data.

Boeing Document D2-114081-2, Failure Mode and Effects Analysis, Ground
Support Equipment, Large Area Solar Array, is an analysis of deployment
equipment and other GSE to identify known potential causes of damage to
articles or of invalid test data. Because the LASA subpanels and

test

panel assemblies are much larger in area than customary spacecraft
components and are vulnerable to damage, it is important that the
handling equipment not introduce preventable risk of damage.

Usage diagrams or flow charts that show the use of GSE and the inter-
faces with test articles and operations are based on the test article

flow.

error risks and externally caused conditions were noted.

The FMEA data sheet format was modified for GSE. Xnown human

was to identify these risk areas in addition to the customary hardware
failure risks so that test personnel can take effective precautions.

A preliminary FMEA for the MTA-4 deployment and handling equipment has

also

been included in this phase.

Significant risks in deployment operations noted in the FMEA include:

1)

2)
3)

4)

5)

6)

Human error and externally caused conditions have been found to consti-

tute

Air gusts-—-It will be necessary to enforce strict supervision of
entrances to the high-bay test area during deployment test
operations;

Track defects;

Loosening of potentiometer attachments;

Tipping, collision, or improper support during loading of the
test articles into the deployment fixture or during deployment;

Failure to follow air sled with tender;

Improper adapter installation to cause binding.

the major risk areas for handling equipment operations. Some of

the risks are:

1

2)

Interference of protruding parts of the protective covers with the

subpanel during installation or removal of the covers;

Dropping, upset, or collision caused by error in transporting the
handling frame or dolly;

8-2
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3) Collision of other vehicles with the unprotected subpanels;

4) Defects in the GSE such as omission of support pads and out-of-
tolerance conditions;

5) Failure to use clamps and other pieces of equipment properly.

8.3 RELIABILITY PREDICTION

Retliability prediction caleulations indicate that an adequate design
concept has been achieved.

The effects of solar cell random failures on array performance are
covered in a separate book, Boeing Document D2-114070-1, Effects of
Random Solar Cell Failures on a Large Area Solar Array. It has been
shown that the maximum possible power loss to an array should be less
than 1.5% with an estimated probability of 0.999968+. (Note: These
data are obviously not applicable with ohmic contact deterioration as
noted during Phase II. It has been assumed that this problem will be
resolved.)

In this document, the statistics for single cell, group, module, and
higher assemblies have been developed and combined with electrical data
on the effects of single or multiple cell failures within a group.
Precise mathematical models and calculation procedures developed in
D2-114070-1 will permit future analyses and comparisons to be performed
quickly and accurately.

Reliability predictions for the electrical power subsystems and the
mechanism subsystems, including boost tiedown release and deployment,
are defined in Boeing Document D2-114080-1, Reliability Prediction
Caleculations, Large Area Solar Array. The electrical subsystems have
been shown to be relatively free of critical failure modes. The
reliability of the 100-volt array subsystem is predicted as 0.99952.
The reliability of the 28-volt array subsystem is 0.99984. 1In both
cases, the predicted reliability was determined by the probability of
failure of critical crossovers in the transmission system. Other
failures, including open &nd short circuits within modules, were found
to cause nothing more serious than a small power loss. In the absence
of defined mission criteria, an arbitrary decision was made to classify
as critical only those failures that caused more than a 5% power loss.

The overall mechanism subsystem reliability of 0.988942 includes a
reliability of 0.99002 for the boost tiedown release, and 0.998912 for
the deployment sequence. 1In contrast to the electrical power subsystem,
the mechanisms subsystems are essentially single~thread systems. The
failure of any of the 24 center-tie releases or the main corner latch
releases at Stations 123.7 and 169.9 could result in release failure.
Similarly, a sequence of events must be successfully completed on all
four panel assemblies to ensure successful deployment of 1007Z of the
array. Continued attention to details in the mechanism will be necessary
during test and checkout activities.
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The available data are inadequate to make quantitative predictions of
structural subsystem reliability for LASA. Document D2-114080-1 includes
a brief qualitative discussion of the structural subsystem. In general,
the test data have been encouraging; however, there are not enough data

yet available to attempt a proper statistical approach to strengthen
allowables determination.

8.4 PRODUCT SAFETY
Adequate provisions have been made for product safety and range safety.

A review of the requirements of AFETRM 127-1 showed that any system
including explosive devices would require a final interpretation and
approval by range safety personnel. The review also confirmed that the
LASA design should be capable of qualification per AFETRM 127-1 criteria.
The pin-puller design has been qualified and used on Lunar Orbiter as

a Category B device. Off-the—-shelf cable cutters will be used and
supplier qualifications checked out., The firing circuits have been
designed by following accepted practices for aerospace systems.

In actual practice, product safety has been demonstrated by an absence
of major damage to finished test articles that have been handled in
several plant areas. There has been some damage to beryllium detail
parts, and this has resulted in increased effort by shop management
and personnel to improve shop attitudes and controls.

Handling frames and other ground support equipment are designed to
prevent damage to completed panels. Deflection limits have been
specified for such equipment, and padded contact surfaces and protec-
tive covers are used. These measures are the result of GSE design
policy, including systematic design reviews and a documented failure
mode and effect analysis.

8.5 MAINTAINABILITY/REPAIRABILITY

Limited nepairnability has been demonstrated by ftests and by actual
nepains required to SCS-43, SCS-35, SCS-37, and MTA-T.

Laboratory evaluation of repairability involving cell replacement and
interconnector repairs was accomplished under the SCC~8 and SCC-10 tests.

In addition to the laboratory evaluation, practical repair experience
has been gained. Necessary repairs to the SCS-35, SCS-37, SCS-43, and
MTA-1 test articles were performed in working shops. Repairs have been
accomplished outside of the engineering laboratory environment, and
those on SCS-43 and MTA-1 were documented on formal integrated record
system (IRS) paper.
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It should be noted that repairs were successful: test articles showed
no evidence of repair failure; however, this does not conclusively
prove the adequacy of the repair techniques used. 1In particular, the
ability of repair cleaning procedures to remove all possible surface
contaminants to assure consistent bonding has not yet been proved.

8.6 SIGNIFICANT PROGRAM DEVELOPMENTS

Several design changes have been implLemented that significantly affect
product reliability.

The following items are considered significant to overall array
reliability and performance:

EPON 934 Adhesive~---The elimination of EPON 934 adhesive reduced the
risk of bond failures associated with the peeling failure mode of this
relatively brittle adhesive.

Flat Bus Bars---The use of flat bus bars bonded to the structure
eliminated the risk of secondary or "nuisance"” failure modes associated
with the initial wire-bundle-and-clamp concept. The insulation and
adhesive bonding combination used has also resulted in effective
redundant insulation.

Twisted Wire Crossovers---The use of flexible wire crossovers appears
to offer reduced risk of vibration-induced failures and also reduces
the torque applied about the hinge centers by the crossovers, thus
offering less interference with mechanisms during deployment.

Overcenter Latches---The use of overcenter latches avoided the risk of
misalignment and failure to engage associated with the previous bayonet
latch concept.

Substrate Bonded Intersections---The decision to retain bonded tape
intersections reduces the risk of cell bond separation or cell damage
that might result from localized relative motion at unbonded tape
intersections.

Cell Dimensional Control and Separation Gaps---Because cell lengths and
widths tended to the high side of specification tolerances, careful
attention to dimensional control of separation gaps was necessary. It
is recommended that any statistical treatment of cumulative tolerances
be based on actual measurements taken from an adequate sample.
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9.0 WEIGHT STATUS SUMMARY

Comparnison of initial to final weight summariies shows a weight inchease
with desdign evolution.

The array weight based on the Phase I design of the feasibility model
has increased 12.7% over the weight reported in the final report of

the feasibility study. The number of mounted solar cells has increased
in this period by 3.87%. Assuming that the array output power is
directly proportional to the number of cells, the effective weight
increase is 8.6% on a pounds—-per-watt basis.

Cell module weights in Figure 9-1 include cells, coverglasses, inter-
connectors, and solder. Determination of actual weights of cells and
cover glasses between the feasibility study final report and the first
quarterly report resulted in a slight weight increase. Connector and
solder weight was reduced in the third quarterly report, based on
actual weights and test results.

Structure weights include substrate, frame members, joint details, and
shear ties. There have been three major weight increases: The first
was the addition of a diagonal brace. The second was caused by stress
and dynamic analysis of basic members. The third increase reflects the
change of shear clips and gussets from beryllium to titanium at all
joints and also reflects the finalized shear tie design.

Mechanisms incurred a major weight increase due to the development of
a satisfactory boost tiedown system design.

Bus weight decreased because of bus simplification and the use of
lightweight diodes.

Adhesives and TCC weight includes coverglass and cell-to-substrate
adhesives and thermal control coating weights. The major change has
been a reduction in thermal control coating weight. This reduction was
based on elimination of thermal control coating on the space side of
the substrate on all panels except 5A and the use of RTV-40 as the
primary thermal control coating material.

The weight status for the final report is summarized in Table 9-1.
Table 9-2 shows the weight status of the MTA-1l frame assembly, based
on detailed parts weights and calculated weights. The weight difference

between actual and the calculated is primarily in the weight of the
titanium weldments.
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Figure 9-1:  WEIGHT STATUS SUMMARY
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Table 9-1: WEIGHTS

Weight (pounds)

and Thermal Coating (838.50)
Coverglasses 160.11
Coverglass adhesive 18.44
Cells 392.07 (362.1 spec max)
Connectors 56.36
Solder 3.68
Substrate adhesive 63.20
Substrate 67.12
Thermal coating - 77.52
Structure (949.24)
Panel 1 (without substrate) 214,50
Panel 2B 80.26
M 74.97
2A 66.58
3B 59.00
3M 63.28
3A 59.32
4B 59.08
4M 59.80
4A 60.30
5B 46,48
5M 48,72
5A 56.95
Mechanisms (242.0)
Main hinges and latches 22.9
Auxiliary hinges, latches, and dampers 50.9
Quadrants and sequencers 30.3
Strut assemblies 14.5
Solar curtains 13.2
Boost tiedown system 71.0
Cable, drive, and miscellaneous 39.1
Electrical Connections (123.0)
Busses and diodes 81.6 -
Pigtails and connectors 12.8
Squib wiring 3.7
Terminals and crossover busses 25.2

2,152 (2,122 based on
maximum spec.
weight for cells)
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10.0 SUMMARY OF SPECIFIC PERFORMANCE

The overall mangin of sagety is positive.

10.1 SUMMARY OF CRITICAL. SAFETY MARGINS

Critical margins of safety are summarized below:

Structural Margin of
Category Critical Areas Safety
Subpanel 1 Outboard spar 0.0
members Diagonal brace 0.0
Subpanel 1 Outboard spar 0.5
joints to lower edge
member (Sta 10.5)
Outboard spar to 0.00
lateral spar
(Sta 123.7)
Subpanels Subpanel 2B
2-5 outboard spar 0.003
members Subpanel 2M
outboard spar 0.09
Subpanel 2B
center spar 0.05
Subpanel 3B
center spar 0.04
Subpanels 2-5 0.009
lateral spar to
0.06
Subpanels 0.003
2B~3A bottcm to
edge 0.09
Subpanel 5A
bottom edge 0.06
Subpanel 2B
upper edge 0.04
Boost tie- Tiedown cable 0.15
down and assembly at
release Sta 123.7
system
Deployment Latch link 0.17
hinges (Compression)
Diagonal Column 0.01
strut compression

10-1

Critical Condition

In-plane panel vibration
Combined axial and bending
stress

In-plane panel vibration
combined axial and bend-
ing stress (Note: Joint
factor of safety of 1.15
is included)

Beryllium members critical
for boost sinusoidal
vibration environment;
stresses due to combined
bending and axial internal
loads

Preload and boost vibration

Transient loads during
latching

Transient loads during
latching
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10.2 POWER-TO-WEIGHT RATIO

The power-to-weight natio 45 21.4 watis pern pound at AMO.

The total array weight has been increased from 1,932 to 2,152 pounds.

Based on JPL specifications, power output calculations are based on an
output of 10 watts per square foot at AMO and 55°C. The total active

area of the array is 4,590 square feet. Accordingly, the total power

output is 45,900 watts, and the power-to~weight ratio is 45,900/

2,152 = 21.4 watts per pound.

N
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11.0 BIBLIOGRAPHY AND DEFINITIONS

Individuals or organizations desiring documented information are
advised to contact JPL.

11.1 MAJOR PROGRAM DOCUMENTS

Document Number Title
D2-113349-1 Large Area Solar Array Design Program Plan
v D2-113350-1 Large Area Solar Array Design General Test Plan
D2-113350-2 Large Area Solar Array Desién Test Procedures
D2-113350-3 Large Area Solar Array Design Test Reports
D2-113351-1 Large Area Solar Array Design Detailed Quality
Assurance Plan
D2-113353-1 Large Area Solar Array Design Manufacturing Plan
and Specifications
D2-113354~-1 Large Area Solar Array Design Process Document
3 D2-113355-1 Large Area Solar Array Design First Quarterly Report
| D2-113355-2 Large Area Solar Array Design Second GQuarterly Report
D2-113355-3 Large Area Solar Array Design Third Quarterly Report
D2-113355-4 Large Area Solar Array Design Final Report
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D2-113352-3 Large Area Solar Array Design GSE Requirements
(Volume III, Master Equipment List)

D2-113352-4 Large Area Solar Array Design GSE Requirements
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D2-114070-1 Effects of Random Cell Failures on a Large Area
Solar Array
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LASA
GSE
SPAT
PADM
SCS
SCC
SCE
SCM
MTA

Electric Power

Load, Electrical

Voltage Range

Limit Loads

Limit Design Loads

Ultimate Design
Load

SYMBOLS, TERMS, AND DEFINITIONS

Large Area Solar Array

Ground Support Equipment

Stowed Panel Assembly Transporter

Panel Assembly Deployment Model

Small Component Test Article—-—-Structures

Small Component Test Article—-—-Cells

Small Component Test Article-—-Electrical

Small Component Test Article-—--Mechanisms

Major Test Article

Spacecraft prime electrical power is provided by
one or more two-wire, ungrounded systems. Power
is supplied by solar cells and is available as
unregulated direct current at specified voltages.
Any component or subsystem that uses electric
power and is normally operated as a unit is con-
sidered to be a load.

This expresses the upper and lower voltage limits
that will permit normal operation of load equip-
ment in a mission environment.

Limit loads represent the maximum loads the
structure is expected to experience under specified
conditions of operation, use, or test. All loads
and load factors used in this document are limit
loads unless otherwise noted.

A limit design load is a limit load multiplied by
the appropriate hazard factor. For the test loads
specified herein, the hazard factor is unity.

The yield design load is identical to the limit

design load.

The ultimate design load is the limit design load
multiplied by 1.25.
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Allowable Load

Bus Voltage

Transients,
Electrical

Electrical Load
Profile

Source {(Generation)
Impedance

Reverse Current

Inrush Current

Fault Current

Ripple

Solar Array Con-
figuration Solar
Panel (Assembly)
Subpanel

Subpanel Unit
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The allowable load for a structural element is
that load at which failure is imminent for the
yield or ultimate condition, as appropriate.

The bus voltage is measured at the main electrical
bus terminals. The measured value will vary with
the load but will always be within the specific
voltage range.

An electrical transient is the changing condition
of a characteristic that goes beyond the steady-
state limits and returns to the steady-state limits
within 10 milliseconds.

A chart or graph showing power demands (watts) at
the main electrical bus as a function of time.

The source impedance is a variable that depends
on solar intensity, temperature of the solar cells,
and the amount of electrical load.

A condition where current flow reverses direction
due to a higher generated voltage from the elec~
trical load. Reverse current is defined as

having a duration of 10 milliseconds or more and
is therefore not considered a transient occurrence.

Inrush current is current greater than normal
operating current that may be caused by wvarious
conditions, but it is always associated with
switching on an electrical load.

Fault current is the increment of current that
appears at the generator terminals and is caused
by a physical short-circuit of the power leads.

Ripple is the a.c. variation of wvoltage about a
fixed d.c. voltage during steady-state d.c.
electrical system operation.

Four Solar Panels—-—A complete assembly for one
vehicle. The largest element of the solar array
that attaches to the spacecraft.

A subpanel is the largest element of a solar panel.

A subpanel unit is a main subpanel and two
auxiliary subpanels.,
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Solar Cell Module

Solar Cell

Substrate

Electrical Bus

Bus Crossovers
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A solar cell module is the minimum group of solar
cells that will independently produce the elec~
trical subsystem voltage at the output terminals
of the cell group. Modules will assume various
physical outlines as required by the configuration
of the structural support. Electrical power
output will vary with the number of solar cells
used in the module.

A solar cell is the smallest electrical producing
element of the module. Single crystal silicon
elements are utilized.

Substrate is the fiberglaés tape matrix that
supports the solar cells.

Electrical buses are metallic conductors that
provide electrical continuity between solar cell
modules and between each solar panel assembly and
the spacecraft.

Bus crossovers are flexible or hinged buses that

provide electrical continuity across solar panel,
subpanel, or solar array hinge points.
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